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ABSTRACT

This report summarizes the research done in the Center for
Laser Research at Oklahoma State University supported by the U.S.
Army Research Office under Contract Number DAAL03-88-K-0025 from
January 15, 1988 - January 14, 1991. The research involves the
use of laser spectroscopy techniques such as four-wave mixing,
high power picosecond pulse pumping, and time-resolved site-
selection spectroscopy to characterize dynamical optical
processes such as energy migration, multiphoton absorption,
radiationless relaxation, and the photorefractive effect in
materials with potential applications in optical technology. The
materials investigated include laser crystals such as Cr3+—doped
alexandrite, emerald, garnets, and glass ceramics as well as
Nd3+-doped garnets and germinates and Ho3+-doped fluorides. 1In
addition, photorefractive processes were studied in potassium
niobate crystals and in rare earth doped glasses. Some of the
results of major importance from this work are: (1) The
characterization of the properties of laser-induced gratings in
glasses; (2) The elucidation of the effects of dopant ions on the
photorefractive response of potassium niobate; (3) The
observation of a new type of picosecond nonlinear optical
response in potassium niobate associated with scattering from a
Nb hopping mode; (4) The characterization of the properties of
energy migration and radiationless relaxzticn processes in cr3t-
doped 1laser crystals; (5) The characterization of the pumping
dynamics and lasing properties of Ho** in Ba¥Yb,Fg; and (6) The
characterization of the pumping dynamics and lasing properties of

several Nd3t-doped crystals.
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L IN'I'"'RODUCTITON

Optical technology has emerged as a vitally important area
for research and development related to military applications.
This technology has made important contributions to the
dovelopment of "smart weapons'", communications, surveillance, and
display systems. The basis of this technology is optical devices
such as laser sources, light modulation devices (fregquency,
intensity, direction, etc.), light guides (fibers, waveguides,
ot ), and detectors. All-solid-state systems have the advantage
of ruggedness for field operation. However, the development of
these systems is currently limited by the lack of availability of
materinls with the optimum device operational parameters. The
iqoal of this research project was to enhance our understanding of
the fundamental physical processes in optical materials relevant
to device operation. only through an understanding of these
mocesses will it be possible to design optical devices with
medictable operational characteristics.

This research focused on laser sources and nonlinear optical
materiale for modulating laser beams. The physical processes of
intereat are those affecting the pumping dynamics of solid state
tacers and those contributing to the formation of transient and
permanent holographic gratings in nonlinear optical materials.
The materials of interest included rare earth- and chromium-doped
Inaer crystals, rare earth-doped glasses, and potassium niobate.
l.aser spectroscopy techniques were used to characterize the
properties of these materials. These techniques included four-

wave mixing, picosecond pulse-probe measurements, and time-




resolved site-selection spectroscopy, as well as laser-pumped-
laser measurements.

The project was divided into three thrust areas according
the type of materials being investigated: rare eath-doped laser
crystals; chromium-doped laser crystals; and photorefractive
crystals and glasses. The important results obtained during the
three years of this contract are briefly outlined in this section

and presented in detail in the remainder of the report.

T.1 SUMMARY OF RESEARCH ACCOMPLISHMENTS

The first research area of this contract focused on rare

earth-doped laser materials. This work involved two types of
projects: characterizing Nd-doped 1laser materials and
characterizing Ho-doped laser materials. Using a tunable

alexandrite laser as an excitation source to simulate diode laser
pumping, the lasing properties of Nd3* were studied as a function
of pump wavelength. The lasing threshold and slope efficiency
were measured as well as the spectral, spatial, and temporal
beam properties. It was found that excited state absorption of
pump photons plays a critical role in determining the lasing
properties of a material excited by monochromatic pumping. In
addition, the spectroscopic and 1lasing properties were
characterized for Nd3%' in several host crystals with potential
for diode laser pumping. These included Ba,MgGe,0,, Ba,Zn,Ge,0,,
and LajLu,Ga;0;,. A comprehensive study was made of the spectral
dynamics and lasing properties of Ho3%t in BaYb,Fg crystals. Time-
resolved site-selection spectroscopy measurements were used to

characterize the energy transfer and upconversion processes that




tead to channel switching of the laser output.

The~ second research area involves vibronic laser materials
based on chromium ions. The most importzat project in this area
invoived the continuation of our use of four-wave mixing (FWM) to
characterize the spectral dynamics of a series of Cr3+-doped
laser crystals. This has provided an understanding of the origin
of FWM signal in these materials and demonstrated how the
3+

polarizability change of the optically-pumped Cr ions can cause

"population lensing" of laser beams passing through the sample.
In addition, the dynamics of energy transfer among the cr3t ions
was characterized for different types of laser crystals and found
to depend significantly on the concentration and distribution of
dopant jons as wcll as the intrinsic properties of the host
material. Information was also obtained on the radiationless
relaxation processes involved in pumping these materials. All of
this information is relevant to understanding the operation of
these materials as solid state lasers. FWM experiments were also
performed on a Cr-doped glass ceramic and the results compared to
those obtained on Cr-doped crystals.

The third research area focused on the characterization of
photorefractive materials for nonlinear optical applications.
Two classes of materials were studied: displacive ferroelectrics
represented by KNbO; crystals and rare earth doped glasses. The
studies of laser-induced holographic gratings in rare earth doped
aglass focused on trying to enhance our understanding of the
physical mechanism responsible for this effect. A theoretical

model was developed based on a two-level system associated with

the structural environment of the rare earth ion. This model was




applied to interpret experimental results obtained on a series of
silicate glasses with different monovalent alkali modifier ions
and a series of silicate glasses with different divalent alkaline
modifier ions. This work has lead to an increased understanding
of this phenomena and how to alter the material composition in
order to maximize the effect. In addition, applications for
optical storage, frequency demultiplexing, and laser beam
modulation were demonstrated. A comprehensive study was made of
the nonlinear optical properties of undoped and doped KNbO; since
it has the highest photorefractive figure of merit for any
material of its class. Using c.w. laser techniques, the
properties of photorefractive beam coupling, four-wave mixing,
and the dynamics of holographic grating formation and decay were
studied. In addition, picosecond pulse-probe techniques were
used to investigate the fast nonlinear optical response of this
material. The results of this study provide a thorough
understanding of the nonlinear optical properties of this
material. Of special interest is the fast conjugate signal
observed on the picosecond time scale. A model was developed
that attributed this fast response to stimulated scattering from

a niobium hopping mode.

1.2 PUBLICATIONS AND PERSONNEL

The work performed during the three years of this contract
resulted in 21 publications, three doctoral theses, two masters
theses, and numerous unpublished presentations and colloquia.
These are listed in Table I.

The personnel making major contributions to this research




include the principal investigator, Richard C. Powell, and
several visiting scientists and graduate students. The visiting
ascientists were:
br. Frederic M. Durville, CNRS, Lyon, France:
Dr. Mahendra G. Jani, OSU Post-Doctoral Research Associate;
brof. Dhiraj K. Sardar, University of Texas, San Antonio;
bProf . Bahaeddin Jassemnejad, Central State University, OK:

bhr. Roger J. Reeves, University of Christ’s cChurch,
New Zeland;

br. Andrzej Suchocki, Polish Academy of Sciences, Poland.
The graduate students support by this contract include G.J.
ouarles, G.D. Gilliland, E.G. Behrens, M.L. Kliewer, James D.
Allen, Michael J. Ferry, V.A. French, F.M. Hashmi, and K.W. Ver
Steedqg, Gilliland, Behrens and Kliewer all three received their
doctoral degrees from this research. They are now working at IBM
Watson Research Laboratories, Fibercek, and Schwartz Electro
optics, respectively. Allen and Ferry received their masters
degrees from this research and are working at Texas Instruments
and the Arm; Center for Night Vision and Electro-Optics,
respectively. The other three students are continuing their
graduate studies for their doctoral degrees here at Oklahoma
State University.

[t is a pleasure to acknowledge the collaboration with a
number of colleagues. Important contributions to this research
were made by:

Prof. Georges Boulon, University of Lyon, France;

Mr. Douglas H. Blackburn, NIST;

Dr. David C. Cranmer, NIST;




Mr.

Dr.

Dr.

Dr.

Dr.

Pr.

Greq J. Mizell, Virgo Optics;

Leon Esterowitz, Naval Research Laboratory:;

Toomas H. Allik, Science Applications International;
M.R. Kokta, Union Carbide Corp.;

Shui Lai, Allied Signal;

Donald F. Heller, Allied Signal;

Firally, this work benefited greatly from collaboration with

11.5. Army personnel. Dr. Al Pinto and his group at CNVEO worked

losely with us on several of these projects and provided an

important degree of relaza2vance to this fundamental research

program,
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TABLE I

THESES, PUBLICATIONS, AND PRESENTATIONS

THESES

"Properties and Applications of Laser Induced Gratings in Rare
Farth Doped Glasses", E.G. Behrens, Ph.D Thesis, Oklahoma State
Iniversity, July 1989.

"Spectral Dynamics of Two Frequency Agile Laser Materials:
Alexandrite and BaYb,F :Ho3+", G.D. Gilliland, Ph.D Thesis,
Oklahoma State University, May 1988.

"Investigation of the Dynamics of Solid State Laser Crystals",
M.IL.. Kliewer, Ph.D. Thesis, Oklahoma State University, December
1989,

"Spectroscopic and Laser Properties of NdA:BMAG", M.J. Ferry, M.S.
Thesis, Oklahoma State University, August 1989.

"Optical Spectroscopy in Li4Ge5012:Mn4+ and the Photorefractive
Fffect in Bi,,Si0,4", J.D. Allen, M.S. Thesis, Oklahoma State
Imiversity, ecem er 1988.
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PUBLICATIONS

.. Gilliland, Richard C. Powell, and Leon Esterowitz, "Spectral
and Up-Conversion Dynamics and_Their Relationship to the
laser Properties of BaYb,Fg:Ho3*", Phys. Rev. B 38, 9958
(1988).

M.l.. Kliewer and R.C. Powell, "Excited State Absorption of Pump
Radiation as a Loss Mechanism in Solid-State Lasers", IEEE
J. Quant. Electron. 25, 1850 (1989).

T.H. Allik, S.A. Stewart, D.K. Sardar, G.J. Quarles, R.C. Powell,
C.A. Morrison, G.A. Turner, M.R. Kokta, W.W. Hovis, and A.A,.
Pinto "Preparation, Structure, and Spectroscopic Properties
of Na’':(La 1-xPUylqglluy yGay]ZGa3O12 Crystals", Phys. Rev.
B. 37, 9129 (1988)

M..J. Ferry, M.L. Kliewer, R.J. Reeves, R.C. Powell, and T.H.
Allik, "Site-Selection Spectroscopy, Energy Transfer, and
Laser Emission in Na>* -Doped Ba,MgGe,O,", J. Appl. Phys. 68,
6372 (1990).

+.H. Allik, M.J. Ferry, R.J. Reeves, R.C. Powell, W.W. Hovis,
D.p. caffey, R.A. Utano, L. Merkle, and C.F. Campana,
"Crystalloqraphy3 Spectroscopic Analysis, and Lasing
Properties of Na°*:Ba,znGe,0,", J. Opt. Soc. Am. B 7, 1190,
(1990).
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.D.

J.

.G.

Powell and M.L. Kliewer, "Investigation of Pumping Dynamics
in Rare Earth Doped Solid State Laser Materials", in SPIE
Proc. Vol. 1062, "Laser Applications in Meteorology and
Earth and Atmospheric Remote Sensing", ed. M.M. Sokoloski
(SPIE, Bellingham, 1989), p. 65.

Gilliland, A. Suchocki, K.W. Ver Steeg, R.C. Powell, and
D.F. Heller, "Laser-Induced Grating Spectroscopy of
Alexandrite Crystals",Phys. Rev B 38, 6227 (1988).

Quarles, A. Suchocki, R.C. Powell, and S. Lai, "Optical
Spectroscopy and Four-Wave Mixing in Emerald", Phys. Rev. B
38, 9996 (1988).

Durville, R.C. Powell, G. Boulon3 and B. Champagnon, "Four-
Wave Mixing Spectroscopy of a Cr +—Doped Transparent Glass
Ceramic", Phys. Rev. B 37, 1435 (1988).

Suchocki and R.C. Powell, "Laser-Induced Grating Spectroscopy

of Cr3+—Doped Gd;Gag0,, and Gd;Sc,;Ga;0, Crystals", Chenmn.
Phys. 128, 59 (1988?.

Hashmi, K.W. Ver Steeg, F. Durville, R.C. Powell, and G.
Boulon, "Four-Wave Mixing Spectroscopy of Cr-Doped Garnet
Crystals", Phys. Rev. B 42, 3818 (1990).

Powell, "Four-Wave Mixing Spectroscopy of Transition
Flements in Solids", in "Proc. Int. School on Excited States
of Transition Elements", eds. B. Jezowska-Trzebiatowska, J.
l.egendziewicz, and W. Strek, (World Scientific, Singapore,
1989), p. 452.

Powell, "Spectroscopy of Chromium Doped Tunable Laser
Materials", in "Proc. of the Topical Meeting on Laser
Materials and Laser Spectroscopy", eds. Wang Zhijiang and
Zzhang Zhiming, (World Scientific, Singapore, 1989), p. 6.

Behrens, R.C. Durville, R.C. Powell, and D.H. Blackburn,
"properties of Laser-Induced Gratings in Eu-Doped Glasses",
Phys. Rev. B 39, 6076 (1989).

Behrens, R.C. Powell, and D.H. Blackburn, _"Characteristics
of Laser-Induced Gratings in pr3*- and Eu3+—Doped Silicate
Glasses", J. Opt. Soc. Am. B 7, 1437 (1990).

Behrens, R.C. Powell, and D.H. Blackburn, "Optical
Applications of Laser-Induced Gratings in Eu Doped Glasses",
Appl. Opt. 29, 1619 (1990).

French, R.C. Powell, D.H. Blackburn, and D.C. Cranmer,

"Refractive Index Gratings in Rare-Earth-Doped Alkaline
Earth Glasses", J. Appl. Phys. 69, 913 (1991).
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Solids", Physics Department Colloquium, University of
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IrIT. SPECTRAIL, DYNAMICS OF
RARE EARTH LASER CRYSTALS

The following five manuscripts present details of the
results obtained on several rare earth doped laser crystals. The
first involves a Ho>% laser in a fluoride host. Holmium lasers
are becoming very important for near infrared laser applications.
Because of weak absorption transitions, it is best to sensitize
the holmium ions with energy transfer from other ions. This
study extensively documents the details of the spectral dynamics
of host-sensitized pumping in a fluoride host. It is the nrost
extensive investigation that has been reported on a laser
material of this class and the results provide a model for
predicting the properties of other sensitized holmium lasers.

The next four papers document the properties of Na3*t

-doped
laser crystals. The first paper focuses on problems associated
with the excited state absorption of pump photons that can occur
with monochromatic pumping. This is important for diode laser-
pumped solid state lasers which is emerging as a very important
class of lasers. The results show how important it is to select
exactly the right wavelength for the diode laser pump source for
maximum pumping efficiency. The other papers document the
spectral and lasing properties of Nd3* in three different crystal
hosts. This work is part of a survey we are doing to identify
host materials for Nd3* lasers with enhanced absorption
properties for diode laser pumping and with enhanced properties
for Q-switching. The results demonstrate how the spectral
properties change for different hosts and help provide a data

base for the choice of the best host for a specific system.
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Spectral and up-conversion dynamics and their relationship
to the laser properties of BaYb,Fyz:Ho**
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The optical spectroscopic properties, energy transfer, up-conversion transitions, and lasing dy-
namics of BaYb,Fg;:Ho’ " crystals are reported here. The positions of the various Stark components
of the different J manifolds of Ho’* are identified, and the branching ratios and radiative decay
rates were calculated for the Ho’* levels from the Judd-Ofelt theory. The Huorescence-decay kinet-
ics of the Ho®* emission originating on the ’Fy and °S,,’F, levels and of the Yb’* emission were
measured and analyzed with two energy-transfer theories. These calculations show that the Ho'" -
Yb’* interaction is greater for ions initially in the *F level and that the diffusion of excitation ener-

gy among Yb'' ions is a thermally assisted incoherent hopping process with a diffusion constant of

1.1 107" em?/sec at 300 K. The kinetics of the up-conversion processes were modeled with rate
equations. [t was necessary to include the effects of stimulated emission at 551.5 nm and three suc-
cessive energy transfers from Yb’' to Ho’* 1o adequately describe the spectral dynamics of the up-
conversion. The efficiencies of the different laser transitions were found to be dependent upon the
pump power used. The output of the shorter-wavelength transition (0.55 um) increases at the ex-
pense of the longer-wavelength transition (2.9 um) as the pump power is increased. The 2.9-um
faser action was found to have a 15% energy conversion efficiency and a slope efficiency of 4.5%
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when pumped at 1.047 um.

I. INTRODUCTION

The phenomenon of “frequency up-conversion,” the
conversion of infrared light to visible light, has been ex-
tensively studied in systems containing rare-earth ions,
and up-conversion pumping of rare-earth laser systems
has been demonstrated.'~'* This can be an important
technique for switching lasing channels. Important fac-
tors in the choice of a host material which affect the

been analyzed and related to the stimulated emission at
2.9,2.0, and 0.55 um.

. EXPERIMENT

The sample used for this investigation was a single
crystal of BaYb,F; containing 7.0 at. % Ho’' jons
(9.0x10* em™?) and 93 at. % Yb>* ions (1.2, 102

efficiency of emission for this type of the up-conversion 30F

process are the ability of the host material to accept a " 3“6
large concentration of the optically active ions, and weak i — £ 5(:4
electron-phonon interaction so the radiative rates for the 25 X5 !

visible emitting states of the activator ion are large in 1t

comparison to the nonradiative rates.'>!® = i

It 1s well known that holmium ions can produce stimu- Azon- 1 5 5,
lated emission at several wavelengths in the infrared por- "-E X Y 2
tion of the spectrum [2.4,° 2.0,>* and 2.9 um (Refs. 5 and 3] 2 | s
6)] and also in the green region.” When co-doped with yt- mo 15F = 1 5
terbium, holmium can also convert infrared radiation < ! i 085 o
into green emussion efficiently enough for stimulated 2 . —r
emission to oceur.'? W 10t f5r2 ' 5,

In this paper we report the results of an extensive : s
investigation of the spectral, energy-transfer, up- : Ay 2'9;"'
conversion, and lasing properties of BaYb,Fy:Ho* crys- 5t | Po . "7
tals. The energy levels und some of the relevant transi- : { 20 m
tons for Ho’* and Yb?* are shown in Fig. I. The results ! 5 ; 5
of measurements of the absorption and emission spectra - 3+ a2 'a
at various temperatures as well as the results of a Judd- Yb H03+
Ofelt analysis'>=" 2% are presented. The important FIG. 1. Energy levels and model for up-conversion ot -
features of two different up-conversion processes have frared light.
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b had o diameter of 5.0 mm and a length of 7.0
mim.  The host crystal has the same structure as
Balon b wineh crystallizes in the monoclinic syngony
with two molecules per unit cell.’ The space group
is Cu 10,00 7 with Jattice parameters a =6.894 A
h 1053 A, Z=4.346 A, and $=99°18".2" The Yb'*
tons sitan a site of cightfold coordination with F antons
and form a slightly distorted Thomson cube.?® The Ho'™
ions substitute for the Yb** jons. The host crystal is a
single-center system, and the low symmetry of this site
imphes that all degeneracy in the electronic energy levels
is removed except Krameis's degeneracy.?®

The absorption and fluorescence spectra were obtained
with  standard  spectroscopic  equipment. For time-
resolved energy-transfer studies, the excitation was pro-
vided by a nitrogen-laser-pumped dye laser with either
Coumarin-340A or DCM dyes. For stimulated-emission
measurements, the primary output from a passively
mode-locked Nd:YAG (YAG denotes yttrium aluminum
garnet! laser having a pulse width of 50 psec was used to
pump the sample. The laser-performance measurements
at 2.9 gm were done using the primary output of a
Nd:YLF (YLF denotes yttrium lithium fluoride) laser at
1.047 yrm with a 60-psec pulse width as a pump source.

1
crr

HEL ABSORPTION AND EMISSION SPECTRA

Figure 2 shows the various regions of the absorption
spectrum at 12 K. The spectrum is characterized by
sharp lines in the visible region due to transitions within
the 4" configuration of the Ho’* ions, a broadband
with structure in the nearinfrared due to the *F, ,,-2F; ,
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transition of the Yb'* jons, and several absorption bands
between 1.1 and 2.0 gm due to transitions to the fower-
lying encrgy levels of the Ho't ions. Figures 3lar— 3
show the spectra of the visible and infrared emission of
Ho'* ions and the near-infrared emission of Ybh'* ions at
12 K. Figure 3ti) shows the 2.8-um emission of o'’ at
room temperature since it was too weak to detect at 12
K. The additional lines in the spectra at higher tempera-
tures are due to absorption from the thermally populated
higher Stark components of the °f; ground-state muiti-
plet of Ho®*.

A comparison of the emission spectrum of Yb** at 12
K shown in Fig. 3(f) with the absorption spectrum at 12
K shown in Fig. 2(b) demonstrates that both have the
same general shape. From this we conclude that the
splitting of the ground-state manifold *F, , of the Yb'"
ions is about 760 cm~'. In C,, point-group symmetry
each J manifold of Ho’* is split by the crystal field into
2J +1 non-Kramers levels, while each J manifold of
Yb’* is split into J +1 Kramers doublets. The crystal-
field levels of Ho’* have been identified from the absorp-
tion and emission spectra of BaYb,FgHo’* and are
shown in Table . It was impossible to identify the
crystal-field levels of Yb** due to the lack of resolution of
the broad, overlapping levels.

The Judd-Ofelt theory*®?' was applied to the room-
temperature absorption spectrum of this sample to deter-
mine the radiative decay rates and branching ratios of the
transitions. The oscillator strength of a transition ol
average frequency v from a level J to the level J' is ex-
pressed as

120 Y T v Y ~T Y 225 ™ v Y —— Y Y
<90y @ _180F b 4
E “
2]
= Sqask 4
¥ eof 1 3
Q0F 4
3‘0 - -
L/ bI%J—_——- 45F p
— i A wi j — s PR y L 4 ath—
200 400 600 800 900 920 940 960
A {nm) A {am)
18 T -y T T ",
W
L 4

J .

¥:d 4
. & - 2 3 I M—(JA ek
1125 135 1145 1860 1880 1900 1920
A (nm) A (nm)

FI1G. 2. Ahsorption spectra of BaYb,Fo:Ho'* at 12 K. (a) Transitions to the I and higher levels of Ho

Y1 th) transitions to the

Fo . levels of Yb'': (c) transitions to the *f, levels of Ho'*; (d) transitions to the I levels of Ho'*.
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flad ;b)) =8 m) /[3h(2) + 1)e?]
X [Septad ;00 ) +Syplal; b)), n

where the electric-dipole and magnetic-dipole line

strengths are

Sppnlad ;b =er 3 QN INUNITY )R, Ra)

t =146

~ TABLE 1. Energy levels of Ho'* ions in BaYb,F,.

Energy Energy
fem™ ") {em~"
I 0 SFs 15506
3 15538
45 15545
75 15586
78 15630
115 15662
125 15696
141 15701
155 15703
173 15713
205 15715
243 S,.'F, 18515
255 18 549
270 18 560
317 18 608
360 18 622
1. 5166 18 660
5175 18 681
5178 18 695
5181 18702
5187 18713
5198 18718
5200 18723
5204 . 18 730
5222 18755
5254 'Fy 20602
5284 20619
5361 200648
5364 20683
. 8673 20734
8703 20747
8713 20777
8716 ‘H, 27563
8719 27609
3731 27655
8736 27732
8764 27778
8767 27840
3773 27871
$77 27933
8910 28011
I, 13221 28 121
13257 28329
13 348 28450
13364
13171
13378
‘I, 13380
13416
13514
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Syptad ;b ) =[(eh?)/(4mc?)]
x | (S INL 28790 |2, (2b)

respectively. Here, a and b represent the other quantum
numbers designating the states, /" represents the elec- @
tronic configuration, U is the tensor operator for
electric-dipole transitions, L +2S is the operator for
magnetic-dipole transitions, and (), are the phenomeno-
logical parameters associated with the crystal-field envi-
ronment of the ion in the host. The reduced matrix elé-
ments in Eqgs. (2a) and (2b) have been calculated else- P
where?>?" and are essentially invariant from host to host.
The oscillator strength of a transition can be calculated
from the absorption spectrum at room temperature using
the equation

f=tmen®)/(me®NY) [ a(vidv (3)
®

where m and e are the mass and charge of the electron, ¢
is the speed of light, N is the concentration of absorbing
centers, and fa(v)dv is the integrated absorption cross
section. Y is the correction term for the effective field in
the crystal and is approximated by Xgp=n(n1>+2)2/9 for
electric-dipole transitions and Xyp=n’ for magnetic- @
dipole transitions where n is the refractive index of the
host. Measurements of the dispersion curves have not
been performed on the host at this time. A value of
n =1.6 was used, which is similar to values of the index
of refraction for other fluoride materials. It was found
that varying n over a reasonable range of values did not
significantly alter the results of the Judd-Ofelt analysis.

By combining Egs. (1)-(3) and using the reduced ma-
trix elements calculated by Weber? for Ho'*, the phe-
nomenological parameters ), were determined from a
least-squares fit to the absorption spectrum. These were
found to be Q,=0.96x10"% cm?, Q,=2.12x 10" cm".
and Q=3.25x10"% cm? Using these results, the
spontaneous-emission probability can be obtained for
each transition from

Alad;bJ"y=(647*) /[ 3(2J + Dhe?]

X (XepSen FXupSup) - S 3

The radiative lifetimes and branching ratios can be deter-
mined by

TRi=3 AU, ()
J

Bli, jY= A, j)/Tr; + @

where the summation is over transitions to final states ;.
The results of this analysis are summarized in Table 11
and are estimated to have an accuracy of + [0z,

IV. ENERGY-TRANSFER PROCESSES ®

Many theories have been developed to describe energy
migration and transfer between ions. Each of these
theories is limited to a specific range of parameters for
which it is valid.”® =% The results obtained in this work
are analyzed with two models which are valid fo@
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TABLE II. Radiative decay rates and branching ratios for Ho’* transitions in BaYb,Fy:Ho’*

crystals.*
Initial Terminal
level level A, ) (sec™h Bl ) TR
I 1y 120.44 1.00 8.3 msec
51, e 25.87 0.09 3.5 msec
1y 262.63 0.91
U8 I, 7.32 0.035 4.7 msec
e 122.15 0.579
My 81.50 0.386
’l, 5 4.52 0.044 9.7 msec
1, 38.77 0.376
* 49.65 0.481
T4 10.30 0.099
°F T, 0.055 2.43x10°° 422 usec
5] 8.31 0.0037
T, 110.48 0.049
e 429.39 0.190
3y 1818.20 0.757
’S,,°F, SF 2.13 0.0004 190 usec
I, 48.70 0.009
5 146.70 0.028
51, 283.67 0.054
5, 800.35 0.152
T 3981.90 0.756

10, =096X 10" em% 0, =2.12x 10" em?; Q,=3.25x 10" P cm’.

different circumstances. The Ho’*-Yb?* energy transfer
is consistent with a single-step process while the Yb’*-
Ho’ ™ energy transfer is consistent with a model in which
energy transfer between sensitizer and activator ions acts
as a4 weak perturbation on the strong diffusion among
sensitizers.

The typical ion-ion interaction mechanisms involving
rare-carth fons are the electric multipolar mecha-
nisms. 7" The strength of the interaction depends on
the distance between sensitizer and activator ions as R 77,
where s =6, 8, or 10 for dipole-dipole, dipole-quadrupole,
and quadrupole-quadrupole interactions, respectively.
Inokuti and Hirayama have derived an expression for the
time dependence of the sensitizer fluorescence in the pres-
ence of energy transfer to randomly distributed activator
ions,™*

ity=Aexp[—t/r—=T(1=3/51C/C,(t/7)"?], (7

where 7 i1s the intrinsic lifetime of the sensitizer in the ab-
sence of activator ions, C is the concentration of activa-
tors, C, is called the “critical transfer concentration,” I
is the gamma function, and . is a normalization con-
stant. The critical transfer distance R, can be deter-
mined from C,, by "'

R,=13/47Cy1' "7 . (8)
A. Ho’'-Yb’* energy transfer

As a first approximation, we assume that the excitation
energy residing on the Ho'* ions does not migrate be-
tween Ho’ * 10ns, but is capable of being transferred to

‘b** jons. Thus for this case the Ho’ ' ions play the role

of sensitizer ions while Yb>* ions play the role of activa-
tor ions. Justification for the assumption of no Ho’'-
Ho®* interaction is based on the relative concentrations
of sensitizer and activator ions. Because Yb'' is a
stoichiometric component of BaYb,F; and there are ap-
proximately ten Yb’' ions for every Ho'" ion. the
nearest-neighbor environment of optically active 1ons sur-
rounding the Ho'" ions consists almost completely of
Yb>* ions (assuming no clustering of Ho®* ions). The
Ho’*-Yb** energy transfer can involve two sets of
electronic-emission transitions, °S,,°F, —'I,  and
SFy—°I;, which are both resonant with the *F, , -+*F ,
absorption transition of Yb’*. Therefore, the branching
ratios for each of these transitions need to be considered
to determine the effects of competing processes. I the
Ho’*-Ho’* interaction is present, it will involve resonant
emission and absorption transitions between the excited
state, °S,,’F, or °Fs, and the ground state, I, of Ho'".
By assuming only nearest-neighbor interactions and using
the branching ratios listed in Table II, we estimate that
the Ho’*-Yb’* interaction is 3.3 times more probable
than the Ho'*-Ho’* interaction for ions in the "F¢ state
of Ho’* (see Fig. 4), and in the case of ions in the °S,,°F,
states it 1s 1.1 times as probable. For randomly distribut-
ed Ho’* ions the Ho'* -Ho®* interaction would be over
distances much greater than nearest-neighbor separations
and thus the interaction strength will be significantly less
than the estimates given above. Therefore, the Ho'"
Yb’* interaction strength is greater than the Ho'' -Ho!
interaction strength, and as a lirst approximation, the
theory of Inokuti and Hirayama can be used to charac-
terize this case.

'
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FIG. 4. Comparison of the absorption spectra at 12 and 200
K for the *Folevel of Ho' "

{'o characterize the energy-transfer processes, the ki-
netres of the fluorescence transitions between the initially
excited states and the ground state of the Ho’* ions was
montored. The fuorescence decay from the *S,, F, lev-
cls of Hlo'" was measured by monitoring the transitions
rermnating on the ground state at several temperatures

vanging from 12 to 300 K. Figure 5 shows the decay of

the Muorescence intensity at 12 K along with least-
squares fits to the data using Eq. (7) for different multipo-
tar interactions. The best fit for all temperatures is for
the dipole-dipole interaction. The decay curves are all
clearly nonexponential at short times for all temperatures
and tend asymptotically toward an exponential at long
times. The intrinsic decay rate of the Ho'* ions was
determined from the exponential part of the decay curves
approached at long times. The theoretical curves gen-

100 Y Y T Y T

T
Al 2 2 4.2

50

—
o

I (arb. units)

o
[%1)

O1——%6—"120 ~ 80 249 270
t (usec)

FIG 5. 'S, F, emission at 12 K (dots), along with theoreti-
cal fits from Inokuti-Hirayama theory (5 =6, solid line; s =8,
short-dashed line; s =10, long-dashed line).
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erated from Eq. (7) were fitted to the data by treating
C/C, as an adjusiable parameter for each type of in-
teraction (s =6, 8, or 10), and values for R, were deter-
mined using Eq. {8). The temperature dependence of R,
for these initial conditions is plotted in Fig. 6.

The coupling between the Ho'* and Yb’* jons with
the former initially in the *F state was also investigated
using Eq. (7) to fit the fluorescence-decay curves. The in-
trinsic decay rate in this case was again determined from
the exponential tail of the decay kinetics and was found
to be in substantial agreement with the measured value
obtained in a sample of BaY,F:Ho'* which contans no
Yb'*.?* The interaction mechanism in this case was
again found to be electric-dipole~dipole. However, the
strength of the interaction, as well as 1ts temperature
dependence, 1s different. The strength of the interaction,
which is reflected in the magnitude of the cnitical interac-
tion distance R, is shown as a function of temperature n
Fig. 6.

Examination of Fig. 6 shows that the interaction
strength between Ho'* and Yb' " ions s slightly greater
when the Ho'* ions are in the ‘F¢ excited state than

when they are in the 'S.. F, excited state. The value of

R, for the former case is close to the nearest-nerghbor
distance between Ho'* and Yb'" ions, which 15 approvi-
mately 2.7 A, whereas the value of R, s shighthy smaller
than this for ions in the °S,,%%, states. If the 1o
are directly excited, the temperature dependence of the
interaction strength can affect the temperature depen-
dence of the integrated fluorescence intensity of the Yb '
ions. Figure 7 shows the temperature dependence of the
integrated fluorescence intensity at 1.0 um due to Yh '~
emission after two types of excitation. After pumping the
SF state of Ho®*, the interaction strength is independent
of temperature and the Yb'® fuorescence decreases
monotonically with temperature due to some quenching
mechanism in the Yb'* ion, possibly energy transfer to
the °I, state of Ho' . The situation is quite different in
the case of excitation into the °S,,°F, states of Ho'"
The temperature dependence of the Yb'" emission for
this case increases to a maximum at approximately 50 K
and then decreases. The interaction strength depicted in

LIRERAY

100 200

T (K)

FIG 6. Temperature dependence of R, for *F. and 'S..'F,
states calculated from Inokuti-Hirayama theory.
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siontor Foand 'S, F excitation.

Fig. 6 shows the same type of temperature dependence
tor this excitation. Thus the increase in the fluorescence
mtensity at 1.0 gm up to 30 K 1s due to the increase 1n
the interaction strength between the Ho’* and Yb'~
wns, and the decrease n the Auorescence intensity cbove
30 K s due to both the decrease in the interaction
strength and the quenching of the Yb'* emission men-
toned ahove.

B. Yb’'-Ho'* energy transfer

Because of the large concentration of Yb'™ jo.s, 93
at.' . when the Yb'" 1ons play the role of sensitizers the
muitistep ditfusion among sensiizers s dominant over
the sigle-step Jdirect transter from an excited Yb'© jon
to an unexated Ho © ons For weak dittusion the theory

of Yohota and Tammoto describes the energy-

wootr=47Dan [l ~ar =Dra 1]+:4m1‘uw

—87n,u f C(Ir'(z/r;v;crt'c[wr —ui v 4Dy

Hereo aoas the activator trapping radius, and the lower
Iimiaes of the integrals do not extend to zero due to the
hntte nearest-netghbor distance hetween the sensitizer
and activators, The refation between a and R, s

in

T \ 12

where = s the intrinsic decay time of the sensitizer. The
intezrals appearing in Eq. 111+ were evaluated numerical-
Iy the sensitizer-activator interaction constant
ditfusion coefficient P, and trapping radius g were deter-
mined by performing a nonhinear least-squares fit to the
data. The mtnnsic decay tine of the “Fo, Yb'© emis-
ston has been deternuned previously to be 1.8 msee,’™ in-

and o,

GILLILAND, POWELL, AND ESTEROWITZ

38

transfer kinetics, while for strong diffusion the theory
developed by Chow and Powell?® gives the appropriate
description. Both theories were fitted to the data ob-
tained heie and it was found that the parameters describ-
ing the energy transfer are consistent with the strong-
diffusion model.

The equation governing the excited sensitizer concen-
tration n (r,t)is>®

Anirt)

o =-ﬁn(r,tH-DVzn(r,l)—zu(r——R,m(r,u.

v
Here, 3 is the intrinsic decay rate of the sensitizer ions, D
is the diffusion coefficient describing the energy migration
among the sensitizer ions, R, is the position vector for a
given activator ion, r is the position vector for the sensi-
tizer 1ons, and v (r —R,) is the interaction strength for a
given sensitizer-activator pair. The second term on the
right-hand side of Eq. (9} describes diffusion among the
sensitizers, while the third term describes the sensiti-er-
activator nteraction. The solution of Eq. 9) was ob-
tained by Chow and Powell for a dipole-dipole interac-
tion, where vir —R i=a/ir—-R, " which is weaker
than energy transfer by diffusive migration. The solution
of Eq. 19 was then averaged over a uniformly random ac-
tivator distribution.  Most theortes, including this one,
assume a uniformly distributed lattice of sensitizers, sv
that a single average hopping time can be used to de-
scribe the random walk of the excitation energy, “exci-
ton.”” This siuation should be valid for the “host-
sensitized’ energy transter i this crvstal.
The intensity of sensitizer fluorescence given by Chow
and Powell is*”

I(th=Aexp[ -t/r—w ], o
where the energy-transter rate is given by
\,uzf dric/r®Merfe[tr —ar/v 4Dt ]+
1

dependent of temperature. For each set of data the valid-
ity of the Chow-Powell theory was examined. The das-
sumptions made in deriving Eq. 10} lead to the condi-
tion*’ 7Da*a "' 1. This restriction was found to be val-
id for every set of data examined, typically giving a value
of 31.8 for the left-hand side of the mnequality. An exam-
ple of the best fit to the decay kinetics of Ybh'
at 12 K s shown in Fig. 8.

The temperature dependencies of the ditfusion constant
D and sensitizer-activator interaction strength « obtained

CImission

from the Chow-Powell theory are shown in Fig. 9. The

ditffusion constant inereases with  temperature and s
[ ki ye . I

1< 10 " em?/sec at one. The long hifetnie of 1, 4

msec, ensures that there 1s sutficient population e this
state for the resonant cross-relaxation process from Yb'

L - N
to Ho' ™ to occur on the time scale of the Yb'° emission.
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[ FIG. 9. Temperature dependence of diffusion constant and
- 1 sensitizer-activator interaction strength calculated from Chow-
Powell theory (solid line is theoretical fit for D, dashed line just
[ shows trend of data).
0155730 195 260 325 be responsible for the up-conversion.”®!” One possible
t (psec) mechanism is the sequential absorption of two pump pho-
tons by a single ion. Another possible mechanism is the
T1G % Yb emnssion with Chow-Pawell fit tsolid line} at 12 absorption of pump photons by more than one ion with

K

V. U P-CONVERSION AND STIMULATED-EMISSION
PROCESSES

Materals containing both Yb'* and Ho’* ions can
efficiently convert 1.0-um radiation into visible radia-
pon. 7R A can be seen from the energy-level
diagram for Yb'* and Ho’* shown in Fig. 1, Ho’* has
several nearly ejually spaced energy levels giving rise to
transitions which are coincident in energy with the
*Fo . «°F.. Yb'* transition near 1.0 um. The green
emmission corresponding to the sy, F, —>[, transition of
Ho' ' 1s seen when the sample is excited with either of
two Jonger wavelengths as discussed below, but the mech-
ansin for the up-conversion in each case is different.

Lhere are several multiphoton mechanisms which can

TABLE IlI. Energy-transfer parameters.

the subsequent energy transfer to the emitting ion.”* The
following results indicate that the latter mechanism s the
dominant up-conversion mechanism responsible for the
green emission in BaYb,F.:Ho’* for both types of excita-
tion.

The kinetics of up-conversion processes can  be
modeled using rate equations. The emission from
3S,.°Fy—>I, transition of Ho®* after excitation into the
SFy level of Ho’™* state can be modeled as shown in Fig.
10. The first step in the up-conversion 300 K. The
diffusion length can be determined from

L,=12Dr""? 3

and these values are listed in Table 1. The accuracy of
these energy-transfer parameters 15 estimated to be
+10%. Figure 9 shows that the sensitizer-activator -

250 K

12 K
Ry (A) Rate at 2.7 A Ry (A) Rate at 2.7 A
(sec ™1 (sec ')
Ho'* — Yb’* transfer
Fe 26 1.3 10 2.3 4.9x10°
S 1.7 1.0« 10 2.1 RO SOE
12 K 2500 K
Yb'* —~Ho'* transfer
D =21.10 " cméssec P=15~10 " ¢m’ssec

R,=3.56 A (5-A4)
R,=10.3 A (5-S)
L,=27.5A

DI =1.55<10"" cmi/sec
B =1.10x10""" cm?/sec
AE=273¢m !

Ry=2.54 A (5-A)
Ry=13.8 A (§-5)
L, =849 A
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teraction strength has the same temperature dependence
as that calculated for the Ho*~-Yb’ " transfer from the
theory of Inokuti and Hirayama. The major difference is
that the role of the sensitizer and activator tons are re-
sersed tn these two cases. For resonant processes the in-
teraction strength is contained in the overlap integral be-
tween the sensitizer emission and activator absorption.
The magnitude of the spectral overlap changes depending
on which fon acts as sensitizer and activator due to the
energy shift for enussion for both Ho°  and Yb'* ions.
However, the variation of the spectral overlap with tem-
perature s essentially the same tor both cases.

The actual measurement was performed by pumping
the °S,.°F, states of Ho’* and monitoring the Yb’"
emission. The population of the Yb'™ excited state is
achieved by the resonant cross-relaxation process

Ho " S, F ), Yb  CF, 00
— THO "I LYW (PF ) .

Initially the population of °I is equal 1o that of the *F; ,
state of Yb'*. Therefore the energy transfer from Yh'"*
to Ho'* can take place via two types of processes. The
first is transfer to the */, state via a phonon-assisted ener-
gy transfer. The second s the resonant cross relaxation

Yb'itFg 0 Ho' Ty

1

— YbUCF. L Ho U S, R

The temperature dependence and difference in rates be-
tween resonant and nonresonant processes, calculated

below, point to the second mechanism as the dominant is
the resonant cross-relaxation process

[HO* (OF), YD (3F, )
— [HO?*(*15), YO T (*Fg 5)) .

The relative probability of this process is related to the
branching ratio for the Ho’* transition, which is listed in
Table II as 0.19. Therefore, this transition is one-tourth
as probable as the transition originating from this excited
level and terminating on the ground state. A rale-
equation analysis of the energy-transfer rate between sen-
sitizers and activators, when two energy levels are taken
to characterize these ions, gives a relationship between
the energy-transfer rate and the risetime of the activator
emission*’

toax =Py —PL—Pg )" In[ P /(PL+P")] (14)

where P/, and Pg are the radiative rates of the sensitizer
and activator, respectively, and P, is the energy-transfer
rate. The Yb’* emission has a risetime of 4 usec for this
excitation which implies that the Ho’"-Yb’" transfer
occurs with a rate of 1.5 10° sec ™!, Thus this first step
in the up-conversion process also explains the observed
Yb** emission. The second step in the up-conversion
process can proceed by one of two mechanisms. The first
is a resonant cross-relaxation between two Ho' ' ions,

| Ho *(°F5),Ho’ *(°1,)) — | HO* *(°1 ), Ho T (*F )

and the second is the absorption of an excitation photon
by a Ho’* ion that has already participated in the first
step and is in the °/, level. The last step involves both
weak fluorescence from the *F; level followed by fast
nonradiative decay to the 'S,,*F, states and the green
emission.

If a second cross-relaxation process is responsible for
the excitation into the *F| state, then it will origmate on
the °I, level of a Ho’* ion which has already undergone
the first cross-relaxation process. The reason for this is
that the radiative lifetime of the *I, level is 9 msec while
that of the *F; level is 420 usec. If a single ion were to
absorb a photon, undergo cross relaxation, and then ab-
sorb another photon, it would require that the cross-
relaxation process be faster than the duration of the
pump pulse. This rules out the sequential two-photon
mechanism because the pulse width of the laser excitation
1s 10 nsec, and the cross-relaxation time, reflected 1n the
risetime of the “F,, Yb>* emission, is 4 ysec at 12 K.

The rate equations used to analyze the spectral dynam-
ics are

ds,

—d—l--:\’ln:(S~sl’—}';-5’1”1*/J(r"l , AREY
dn

7(/7‘:\1”3 S oospi= gy = ngn,

CYan N gy =y e - oy iy

115t
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dn, TABLE 1V. Parameters obtained from the rate-equation
0wy ) 4

di et T Ty gy =By, analyses.
=V, (S =s) 4y s n = nyn, Activator Coefficient Transfer rate
N —ny —ny—ny—ng) =By, (15¢) level fcm'/sec) {sec ™)
dn, Up-conversion of red pump light at 12 K
= =k =y, (I5d) X, (s 2.1x 107" 2.5% 10°
dt 71 in,) 3.0x 1078 3.0% 10°
dng X, (n)) 50x10°° 5.0x [Q*
“_h“= (i, =y ngdN —ny—n,—ny—ny) 7y (sg) 5.7x 1o~"® 6.8 14°
2.0x 10" sec™!
—(k+Byny (15¢)  * e

where S=s5,+s, and N=ny+n,;+n,+ny+n,. s; and
n, are the populations of the ith energy levels of the Yb>*
ions, “F,,, and *F,,, and Ho’* ionms, °Iy, °I,, °Fy, °S,,
*F,. and *F,, respectively. S and N are the total concen-
trations of Yb'* and Ho’* ions, W, is the pumping rate
for absorbing photons from the laser excitation, X,
{i =1,2) 1s the energy-transfer coefficient, y, (i =1,2) is
the back-transfer coefficient, 3, is the fluorescence-decay
rate of the *Fg,, level of Yb'", B (i=1-5) is the
fluorescence-decay rate of each Ho’* level as shown in
the figure, and « is the nonradiative-decay rate from °F,
to °5,.°F,.

These equations were solved numerically on a DEC
Micro-Vax [l microcomputer using a fourth-order
Runge-Kutta method in order to find the transient solu-
tions. A d-function excitation was assumed and the four
transfer coeflicients were treated as adjustable parame-
ters. The observed fluorescence intensity from each level
will be proportional to the population of the level. The
time evolution of the fluorescence emissions from the
*F¢, level of Yb'* and the 5S,.°F, levels of Ho’* are
shown in Fig. 11. The solid and dashed lines represent
the computer-generated least-squares fit to the data using
the theoretical model described above. The data taken at
12 K were analyzed because the *Fy emission is too weak
to detect at higher temperatures due to the increase in
the multiphonon emission rate with temperature, and the
Yb'* emission is strongest at 12 K, as shown in Fig. 7.
This analysis provides a fit of iwo sets of data with the
same set of adjustable parameters. The best-fit parame-
ters are listed in Table IV and are estimated to be accu-
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FIG 11, Decay kinetics of emission from 2F¢,, level of Yh'*

and '5,.'F, level of Ho'* at 12 K with rate-equation fits.

Up-conversion of infrared pump light at 300 K

X, (ng) 7.0x10°"® 6.3 < 10
¥, (sp) 1.0%x10°% 12.0

Xy (n)) 3axi07? 1.5 % 10
¥, (50) 14x10-"7 1.7 x 10°
X, (ny) Lox 1077 1.0 > 10°
¥y {sg) 2.0x10°"7 2.4x 10°
& 1.00 cm®/sec

b, 0.05 cm?/sec

T 10 psec

T, 10 psec

rate to £10%. The intensity of the green emission as a
function of laser-pump power is found to be almost quad-
ratic, as shown in Fig. 12. This is expected for any two-
photon process. Figure 13 shows the excitation spectra
for the green up-conversion along with the absorption
spectra in the region of the *F state of Ho’*. The exci-
tation spectra have been corrected for variations in laser
power and the penetration depth into the sample. This
shows a one-to-one correspondence with the positions of
the peaks in the absorption spectra.

The kinetics leading to the green emission from the
552,5F4 levels after excitation into the inhomogeneously
broadened *Fy , state of the Yb’* ion can be modeled as
shown in Fig. 1. The first step in the up-conversion is the
energy transfer from Yb’* to Ho’*,

| YB3+ (3F 5, HO Y (Prg)) — | YB3 H(3F, ), Ho** (°1,))

100’ v v T T Ty
50f .
E A 12K
[ =
3
.d 10" b
3 |
— 5_ ]
/
| 4
1 / U | 2
1 5 10 4 50 100
P (10°W)

FIG. 12. Power dependence of green up-conversion, obtaned
by pumping *F. and observing green emission from ‘S..F, at
12 K.
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FIG. 13. Excitation spectra for green up-conversion in the

region of *F level of Ho’* at 12 K (dashed line) along with ab-
sorption spectra in the same region at 12 K (solid line).

This is a nonresonant process and the difference in energy
15> made up by the emission of phonons. As can be seen
from the energy-level diagram, Fig. 1, the energy
mismatch is about 1700 ¢cm~'. The phonons in this ma-
terial have a maximum energy of approximately?' 450
cm ' therefore the phonon-assisted energy transfer takes
place with the emission of at least four phonons. The
back-transfer rate from Ho’* to Yb** should be smaller
than the forward-transfer rate by a factor of®
[explAE /kgT)]*, where AE is the energy of the phonons
absorbed. This difference in rates is approximately 3 or-
ders of magnitude at room temperature. The next step in
the total scheme is the resonant cross-relaxation

Yb'(1Fs,5),Ho® " (1))
— 1 YD T (3F, 5L HO T3S, F ) )

The third step, which is necessary in order to explain the
vbserved dependence of the green-emission intensity on
infrared pump power as discussed below, is also resonant.
This process is

Yb' 2R, 0, Ho TS, °Fy))
— [ YO (PF; ;) Ho T’ H ) .

[n both of these resonant processes, back-transfer cannot
be neglected. The presence of back-transfer was con-
firmed experimentally by the observation of the emission
at 1.0 pm due to Yb’~ after pumping the SSZ,SF4 and
*H, states of Ho' . The risetime for the Yh?* emission
was measured to be 15 usec at 12 K.

The rate equations for this model are

ds,
s WS —s ) =Y s{N —n,—n,—ny)
Y (S —s = Vos ny +y,n, (8 —s)
=5 na+ynytS =51 =fys, (16a)
dn
i =¥ N —n —n,—ny—yin (S -5
¢
=Yos n +y S s =Biny~bnp,,  (16b)

dn,
—=Xzsln|—Yzﬂz(S—SI)—X33|n2
dt

+73n3(5—5,)—[32n2—¢2n2p2 ' (16c)
dn,
_d—;‘leslnz‘—}’]"](s—Sl)—BJn] y (l6d)
dp,
7=¢ln;pl+ﬁlli‘—p,/‘rl , (16e)
dp,
T'—’:d’zngpg +Bny—psr/Ty (leh

where the definitions of the parameters are as described
following Eqs. (15). Here, s, and n; are the populations of
the ith energy levels of the Yb’* ions, *F,,, and *F ,,
and Ho** ions, Iy, 51(,, SS§F4, and 3II‘,, respectively.
Terms representing stimulated-emission transitions from
levels n; and n, are included in the model. Stimulated
emission from n, occurs at>® 2.9 um, and P, represents
the total number of photons at this wavelength in the
sample. ¢, represents the stimulated-emission parameter
which is related to the stimulated-emission threshold, and
7, represents losses in the sample at this wavelength.™
Stimulated emission from n, occurs at' 551.5 nm, and p.,
¢,, and T, represent the same parameters for this transi-
tion. As shown below, it is necessary to include stimulat-
ed emission at 551.5 nm in order to explain the observed
power dependence of the green up-conversion and the ob-
served lifetime shortening. The stimulated emission from
n, must be included because we have determined the
threshold for laser action at® 2.9 um to be 80 mJ corre-
sponding to a pumping rate of 4.3 10°' photons/sec.
This threshold occurs at a considerably lower pumping
rate than that used in our spectroscopic measurements
(10**~10%" photons/sec). Omission of this term will lead
to nonphysical valucs for the energy-transfer coeflicients,
tending to overestimate the forward-transter coeficients
Y,.

Figure 14 shows the power dependence of the intensity
of the green fluorescence versus the power of the intrared
pump laser. The data show the presence of saturation
effects since the slope is much less than quadratic, as is
usually expected for a two-photon process. Al a pump-
ing rate of 4.0 10%® photons/sec the slope of the curve
shows a significant increase which is due to stimulated
emission. The change in slope corresponds to the thresh-
old for this process and is consistent with the onset of the
observed lifetime shortening discussed below. This power
dependence was modeled using the rate equations given
in Egs. (16). These equations were solved numerically us-
ing the same computer procedure described above. A §-
function excitation was assumed and the transfer
coefficients Y,, Y3, v3, and the stimulated-emission pa-
rameter ¢, were treated as adjustable parameters. V) can
be estimated from the risetime of the 1.2-um emission
and v, was chosen to be approximately 3 orders of mag-
nitude smaller, as discussed earlier. Y, was chosen to be
7.0% 107" cm?/sec, agreeing with earlier estimates,'*Y’
and ¥, was chosen to be 1.0% 10" *' ¢m’/sec. Y, can be
measured by exciting Ho’* in the f'SE,SFJ levels and
measuring the nsetime of the *F;, Yb'' cmission.
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FIG. 14. Power dependence of grezn up-conversion, obtained
by pumping *F.,, level of Yb** at room temperature.

From these measurements y, was calculated to be
1.4 <10 " cm'/sec. The measured fluorescence-decay
rates were used for the transition rates. 7, and r, were
chosen to be 10 psec, the time it takes light to pass
through the sample.*’ ¢, was chosen to agree with the
threshold for the 2.9-um laser action using the equation

ny=trd) ", (7

This is obtained by defining the threshold as when the
gain terms equals the loss term in Eq. (16e). The result-
ing best fit to the data is shown as a solid line in Fig. 14.
The values for the adjustable parameters obtained from
this fit are listed in Table 1V and estimated to have an ac-
curacy of £10%.

The peak intensities of green emission plotted in Fig.
14 and in the theoretical fit were chosen at the peak of
the rise in the number of photons, p;, in the sample. This
time was about 1.5 usec for pump powers below the
threshold for stimulated emission in the green transition
and became shorter above the threshold, eventually
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FIG 15 'S, 'F, decay kinetics with rate-equation fit.

becoming limited by experimental resolution. The time
evolution of the green emission below this threshold was
also calculated from the rate equations and is shown
along with the experimentally measured data in Fig. 15.

Under the condition of low-power infrared excitation
the lifetime of the green transition is measured to be ap-
proximately 47 usec. When the excitation power is in-
creased to the threshold value of 4.0 10%® photons/sec
and above, the shape of the decay curve abruptly
changes. The short-time emission decays much faster
than at low excitation powers, and the long-time decay is
the same as for the low-power excitation. The 1/¢ vajue
of the decay curve is plotted as a function of pump power
in Fig. 16. The general shape of these data is similar to
that reported in Refs. 42 and 43 and shows a definite ex-
citation threshold. The fact that the intensity of the
green emission increases instead of decreases above this
threshold value confirms that we are observing a gain and
not a loss mechanism. The increase in intensity is a result
of the stimufated emission which causes the emission of
photons at earlier times (lifetime shortening), thereby in-
hibiting the third energy-transfer step.

The model presented here has one more energy-
transfer step than is necessary to explain the population
of the °S,,’F, states by the up-conversion mechanism.
The additional energy-transfer process to the 3H6 level
must be included in order to explain the observed power
dependence shown in Fig. 14. This level acts as a “‘sink "
for the excitation since population can accumulate in this
level or decay into levels other than n; or n, without be-
ing recycled into these metastable levels on the time scale
of the green emission. Without this additional energy
level the green-emission intensity dependence on pump
power cannot become sublinear.* In this case the model
is essentially a closed system, on the time scale of the ex-
periment, because the decay times are much longer than
the observed risetimes at which the data were taken. The
saturation behavior of the population of n, would, at

100 T T 1
¢ of ]
/‘?10.— ~
@ F 1
w >
S |
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1.0:— -3
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0t——3 12 30
Energy (mJ/pulse)

FIG. 16. Decay time of *S,.*F, at room temperature as a
function of excitation power showing lifetime shortening.
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F1G. 17. Conversion efficiency of 2.9<pum laser output, pump-
ing with the 1.047-um output of a Nd:YLF laser.

best, decrease from a quadratic to a linear dependence on
pump power, and the slope could not become any smaller
without this additional level.

Figure 17 shows the laser output energy at 2.9 um as a
function of the energy input into the crystal at room tem-
perature. Laser action was achieved by end-pumping the
laser rod with a Nd:YLF laser constructed in-house. The
pump laser had a wavelength of 1.047 um and a pulse
width of 60 usec. The YLF laser was operated in the
long-pulse regime with no mode-selective elements and a
30% output coupler. Qutput energies up to 750 mJ are
obtainable from the pump laser. The 2.9-um laser cavity
consisted of a flat high reflector (greater than 99%
reflecting at 2.9 um) and a flat output coupler (approxi-
mately 90% reflecting at 2.9 um), separated by S cm. An
energy-conversion efficiency of 15% is obtained with a
slope efficiency of 4.5% and a fractional pump light ab-
sorption in the rod of 0.33 times the incident energy on
the laser rod. The threshold for 2.9-um lasing action was
found to be 80 mJ of incident pump energy. Antipenko
et ul.” have reported a conversion efficiency of 7.5% using
the 1.061-um emission from a Nd:GSGG (GSGG denotes
gadolinium scandium gallium garnet) laser as a pumping
source. The increased efficiency obtained here is a result
of the larger Yb’>* absorption coefficient at 1.047 um.
Similar results were obtained using an 80% reflecting
output coupler, suggesting that the threshold and extrac-
tion efficiency are dominated by scattering losses in the
rod.

The saturation of the >/, population mentioned earlier
in connection with the rate equations is not evident in
these results. This is because the pumping power is not
large enough for the second energy-transfer process in
Fig. 1 to become dominant over the first energy-transfer
process.

V1. DISCUSSION

To interpret the data presented above, a theoretical es-
timate must be obtained for ihe magnitude and tempera-
ture dependenc: ot D, and relationships between the vari-
ous 2nergy-transfer parameters must be established. The
physical meaning of the stimulated-emission parameter
must also be determined.

A theoretical calculation of the magnitude of the
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diffusion constant is difficult since the details of the exci-
ton band shape are not known. A rough theoretical esti-
mate for D can be obtained by considering the rate of en-
ergy transfer between two Yb’* ions. Assuming that the
interaction mechanism between Yb’* ions is dipole-
dipole in nature, the energy-transfer rate between two
ions separated by a distance R is?%?!

(RY=1/7(R /R®, (18)

where R, is again the critical interaction distance. For
multistep energy migration, the diffusion coefficient can
be expressed in terms of the interaction rate between ions

as-lS
D=} ["R*P(R

where p(R) is the probability of finding an ion at a dis-
tance R from the ion at the origin, and for a random dis-
tribution is given by*’

p(R)=47N, R % expl

)p(R)dR (19)

—47N,R3/3) . (20)
With these expressions the diffusion constant becomes

=(7N,R§ /T, )fin “lexpt —47N,RP/3)dR . Q2D
Note that the lower limit of the integral is taken to be the
smallest distance between Yb’* jons. Using the value of
d=2.7 A along with the concentration and intrinsic de-
cay rate of Yb’* jons, N,=1.2x10*? cm * and 7t
=555 sec™!, the integral in Eq. (21) can be cvaluated nu-
merically to give a value of 1.23x 10°, yielding the result

D=1.7x10"R} . (22)

Using the values of D calculated trom the Chow-Powell
theory, the value of R, can be calculated. At 12 K, R,

equals to 10.3 A, while at 250 K, R, equals 13.8 A.
These values are listed in Table 111.

The temperature dependence of D, shown in Fig. 9, can
give some qudlxtanve information about the exciton
motion in the Yb’* system. Figure 9 shows that D in-
creases with temperature, which implies that the exciton
motion is a thermally assisted incoherent process. This
can be represented by

D= {23y

D(0)+ B expl —AE /kgT)

where D (0) is the diffusion constant at zero temperature,
AE is the activation energy of the thermally assisted pro-
cess, and kj is Boltzmann’s constant. D (0} is the reso-
nant contribution to the diffusion, and B is the parameter
describing the nonresonant contribution to the diffusion.
The best-fit parameters obtained from a least-squares-
fitting procedure are listed in Table II1.

As shown previously, the results of the Inokuti-
Hirayama analysis of the Ho’*-Yb’* energy transfer
and the Chow-Powell analysis of the Yb*' ~Ho’* energy
transfer are related in terms of transfer and back-transfer
processes. The differences in the magnitudes of the
energy-transfer rates aie associated with the changes in
the role of the sensitizer and activator ions, which change
the spectral overlap due to the energy shift between ab-
sorption and emission transitions. Because most of the
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energy-transfer processes take place with the activator
ion initially in an excited state, it is not possible to calcu-
late the overlap integral since there i1s no excited-state ab-
sorption information available on this material. For this
reason it is not possible to correlate the transfer rates
with the spectral data.

The computer models used to explain the two different
types of up-conversion also provide values for the
encrgy-transfer rates. In order to correlate the transfer
coemcients with the troasfer rates obtained from the two
energy-transfer theories, it is necessary to multiply the
transfer coefficients by the concentration of the initial ac-
tivator energy level.'” The appropriate levels for each
transfer coeflicient are listed .in Table IV. Because the
pumping rates used in these experiments do not deplete
the ground states to any appreciable extent, the excited-
state populations of Ho’* are quite low compared to the
ground-state populations. Therefore, in order for the
forward- and back-transfer rates to be equal for the reso-
nant transitions, the transfer coefficients must be several
orders of magnitude different. In addition, the transfer
rates for two different resonant transitions may be equal,
but the corresponding transfer coefficients may not be
equal. Previous studies™'"'%'*¥ yusing similar rate-
equation models have assumed that the resonant transfer
coefficients are equal, instead of the resonant transfer
rates, as done here.

The risetimes of Yb’* emission after pumping the Y
and ’S,.°F, states of Ho’* are 4 and 15 usec at 12 K, re-
spectively, in agreement with the difference in the in-
teraction strengths. The risetime of the 552,5F4 emission
after pumping the ‘Fy level of Ho’* is 48 usec. From
these results and Eq. (14) the rate of the second transfer
process in Fig. 10 can be calculated to be approximately
2.0 7 10* sec ™. This is in good agreement with our rate-
equation results listed in Table 1V (5.0 10* sec™'). The
nearest-neighbor energy-transfer rates predicted from the
Inokuti-Hirayama theory are smaller than the rates pre-
dicted from the rate-equation models. This is a result of
the neglect of back-transfer. The energy-transfer rate
predicted for the Yb'*-Ho'* interaction from the
Chow-Powell theory is also smaller than the rate predict-
ed from just the Y, term in Egs. (16). Both energy-
transfer models suffer as a result of neglecting the back-
transfer of excitation energy, whereas the rate-equation
approach properly takes back-transfer into account at the
expense of using time-independent transfer rates.
Neglecting back-transfer causes the sensitizer-activator
strength to be underestimated.

The rate-equation models were used to fit the time
dependence of the up-conversion emission. The results
are shown as solid and dashed lines in Figs. 11 and 13.
The theoretical calculations agree well with the risetime
and asymptotic (¢ — % ) behaviors of the data, but the fits
are poor in the the time region just after the maximum
population of the level has been reached. The reason for
this is that the transfer coefficients used in the rate equa-
tions were time independent, and hence the only time
dependence in the transfer rate was contained in the con-
centration of acceptor ions in the specific level involved.
The decay kinetics shown in Figs. 5 and 8 can be inter-
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preted accurately by models with time-dependent transfer
rates, such as those of Inokuti-Hirayama and Chow-
Powell. These time-dependent transfer rates manifest
themselves predominantly in the early portions of the de-
cay, where the constant transfer coefficients give a poor
fit, leading to nonexponential decays. The parameters ob-
tained from these models should be taken as approximate
average values of the real time-dependent values of the
energy-transfer rates.

The stimulated-cmission parameters used in this mndel
of the infrared up-conversion are related to the threshold
for stimulated emission. The spontaneous-emission term
in Eq. (160, a,n,, acts as a feeding mechanism for the to-
tal number of photons of a particular wavelength in the
sample. The other two terms in this equation are com-
petitive in nature. When the gain term $,n,p, equals the
loss term p, /75, then threshold has been reached. Substi-
tution of the values from Table IV into Eq. (17) gives a
value for n, of 2.0 10'2 cm~3. This implies a threshold
of 1.5x 10* W/cm? for direct pumping of this level, and
consequently a higher value for the threshold for infrared
excitation of Yb3*. For a pure two-photon process
without losses, the threshold would be 3.0x 10* W/cm".
However, losses in this system are not negligible, as dis-
cussed earlier in connection with the saturation behavior
and inclusion of a third energy-transfer process. As a re-
sult, the actual threshold for stimulated emission in the
green after infrared excitation would be still higher. Ex-
perimentally the threshold was observed to be 75
MW/cm? for infrared excitation. The simplified model
used to describe the stimulated emission is largely respon-
sible for the discrepancy in threshold values.*’

At the high puinping powers used here, the efficiency
of the infrared excitation of the green emission is not as
high as at lower pump powers. This is reflected in the
saturation of the power dependence shown in Fig. 14, and
in the population of n, obtained from the computer fits,
This is a result of the third transfer process becoming
more effective at higher pump powers.** The saturation
of the population of the °I, level shown in Fig. 14 is also
evident in the laser output at 2.9 um when large pump
powers are used.* This is a result of the difference in
transfer rates obtained from Egs. (16}, Y,(ny) and Vim0
Because the first transfer from Yb** is nonresonant while
the second one is resonant, the population of *1, starts to
level off at a specific pump power,* =1 kW/em', as a re-
sult of the second transfer becoming more efficient at this
power level. The saturation of */ has been observed™ at
a pump energy of 0.6 J/cm? or 2.7 x 102* photons/sec for
a crystal containing 0.5 at. % Ho’*. This is slightly
larger than the value calculated here due to the difference
in concentration of Ho®* ions.

Another mechanism for decreasing the 2.9-um laser
output at high pump powers is population of the te-.ainal
level of the 2.9-um emission,* *I,. The *I, state i1s meta-

stable, having a lifetime of 9 msec, so that population of ®

this level decreases the inversion for the 2.9-um
stimulated-emission transition. There are two effective
mechanisms for populating the I, level after 1.0-um
pumping. The first, which is the dominant process at low
pump powers, is nonradiative decay from I, t0 ‘I, The
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second process, which only becomes effective at high
pump powers, is a result of two cross-relaxation processes
after the third transfer from Yb’* to Ho’*. The third
transfer populates *H, and then nonradiative decay to
3G, occurs.** The first cross-relaxation is

| Ho’*(°G,), YO’ T (3F; 1))

— |HO**(°F;), YO T (?F; ,5)) .
The second cross-relaxation is
| HO’ " (3F), YB2 T (3F, )

— [HO** (1), YO (PF5 1)) .

Both are resonant processes. The second cross-relaxation
is exactly the first step in the up-conversion of 640-nm ra-
diation into 551.5-nm radiation, Fig. 10. This is the con-
nection between the two up-conversion models. This
process is only effective in populating 5I, at high pump
powers, because the third transfer from Yb** to Ho®* is
only effective at high pump powers. A result of the in-
crease in population of the °I, level is an increase in the
output at 2.0 um. This mechanism should become
effective in populating °I5 at the pump powers at which it
becomes necessary to include the third transfer from
Yb’* to Ho’*.

VII. CONCLUSIONS

The characteristics of the interaction between the
rare-earth ions in BaYb,F;:Ho’* crystals in several ener-
gy levels has been calculated and it has been shown that
the interaction is electric-dipole-dipole. The coupling
between Ho®* and Yb** ions is greater for the °F state
of Ho’* than it is for the 5SZ,SF4 states. The multistep
migration of energy among Yb** ions is much stronger
than the Yb’*-Ho'* interaction, having a mean free path
of 85 A at 250 K. This justifies the treatment of the
Yb* ians as always being able to transfer their energy to
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nearest-neighbor Ho®* ions since energy migrates from
one Yb** to another until a Ho®* ion is close enough for
the transfer from Yb** to Ho’* to 1ake place.

Multiple energy-transfer processes were shown to lead
to up-conversion, switching of lasing channels, and satu-
ration. An important conclusion is that a model with just
two transfers from Yb®* to Ho’* is insufficient to explain
the observed data.*** Energy transfer from Yb’' to
Ho®* in the ’s,,’F, states resulting in excitation of the
Ho'* ion to the *H state must be included for the high
pumping powers used here. Therefore, as the pump
power is increased the efficiency of the short-wavelength
stimulated emission, 0.55 um, increases, while the
efficiency of the longer-wavelength stimulated emission,
2.9 um, decreases. At still larger pump powers the third
energy transfer causes the 0.55um stimulated emission 1o
be less efficient.

The laser-performance results for the 2.9-pm laser ac-
tion have shown that the efficiency of the laser action can
be significantly increased by pumping into a Yb'' spec-
tral region with a larger absorption coefficient. Since the
Yb>* absorption peaks at approximately 960 nm at room
temperature, diode pumping should be an effective
method of achieving improved efficiency in the 2.9-pum
laser action. However, as we have shown in connection
with the rate-equation analysis, the efficiency of this laser
channel is limited by saturation effects, and therefore the
very large difference in the absorption coeflicient at 960
nm as opposed to 1047 nm (greater than an order of mag-
nitude) may not be reflected in the increased efficiency of
the 2.9-um laser action.
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Excited State Absorption of Pump Radiation as a
Loss Mechanism in Solid-State Lasers

MICHAEL L. KLIEWER anp RICHARD C. POWELL

Abstract~—"The characteristics of optical pumping dynamies oceur-
ring in luscr-putiped race carth-doped, solid-state laser materials were
investigated by  using  a  tupable  alexandrite  laser to pump
YL ALO NG i an aptical cavity. It was found that the slope efli-
ciency of the Nd laser operation depends strongly on the wavelength of
the pump laser. For pump wavelengths resulting in low sfope efficien-
cies, intense fluorescence cmission is observed from the sample in the
blue-green spectral region. This is attributed to the excited state ab-
sorption of pump photons which occurs during radiationless refaxation
from the pump band to the metastable state. This type of process will
be an important loss mechaaism for monochromatic pumping of laser
systems at specilic pump wavelengths.,

[ INTRODUCTION

LLECTIVELY pumping rare earth-doped solid-state

fusers in pump bands only slightly higher in cnergy
thun the lusing metastable stute 1s desiruble because there
is less pump energy converted to heat than there s in
broad-band pumping throughout the spectral region much
higher 1 energy. The small quantum defect associated
with this type ot low-energy monochromatic pumping can
mcrease the ethiciency of laser operation and decrease
problems anising from thermal lensing. The development
ot diode lasers as pump sources has led to the construction
of compact, solid-state laser systems |1]-]6}. However,
the powers and wavelengths presently available from

diode Laser pump sources are limited. Pumping with -

tunable alexandrie laser can be usctul in simulating diode
laser pumping and extending potential laser pumping o
higher power and ditferent wavelength regions. In addi-
hon, for some high-power Liser applications, an alexan-
drite laser may be an wdeal pump source for a rare carth-
doped sohid-state laser.

The results of an ivestigation of the spectral dynamics
of & Y \ALO;: :NdY (NA-YAG) laser pumped by an al-
exandrite taser are presented here, These results show im-
portant ditferences between broad-band frequency pump-
ing and monochromatic  pumping, demonstrate  the
importance of completely characterizing the pumping dy-
manies of laser systems, and show the etfects of excited
stute ubsorption (ESA) of pump photons trom levels above
the lusing transition on the slope etheiency ol the laser
opetion.

Manianptrecaived February 8, 1989 Fhis work was supported by the
NASA Langley Rescarch Center and the U S Arnmy Research Otice

Fhe authors are with the Departiment ot Physics, Oklahoma State Unt-
sersty, Stillwater, OOK 74078

fhiib T og Number 3928416

II. ALEXANDRITE LastrR PuaeinGg o Nd-YAG

An alexandrite laser with an output tunable between 725
and 796 min was uscd to pump an Nd-YAG crystal. The
pulse width of the alexandrite was about 60 us FWHM
and the maximum power obtainable wus 20 W ut a recep-
tion rate of 20 Hz. The spectral width of the laser is ap-
proximately | nm FWHM.

The crystal was mounted in a cavity consisting of a 100
percent reflector with a 50 cm radius of curvature and a
flat 83 percent output coupler. Transverse pumping was
employed with cylindrical and convex lenses used o fo-
cus the pump faser beam in a linc along he length of the
Nd-YAG sample. In this way, an eflicicat pumping con-
figuration was achieved. The power incident on the Nd
Y AG crystal und the power output from the Nd- YAG laser
were measured simultancously with two calibrated power
meters. The Fresnel reflections and absorption of the ma-
terial were considered when calculating the power ab
sorbed by the crystal. The Huorescence emission from the
sample was seat through a 1/4 m monochionator, de-
tected with an RCA C31034 photomudtiplicr wbe, ana-
lyzed by a boxcar integrator, and recorded on o clit re
corder. The experimental setup shown in Fig. 1 ude it
possible to measure the flvorescence enussion both while
the sample was lasing at 1.06 gan and in the ahsence ol
fasing. The sample was 0.28 ¢ long and contaad ap
proximately 1 x 107" Nd*" jons /e’

Fig. 2 shows the energy levels of Nd' and e relesam
clectronic trunsitions when pumping with 737 win by 3
shows the absorption spectrum of Nd™' i YAG e the
tuning region of the alexandrte Jaser. The stinctone is due
to the transitions to various Stark components of the 'S,
+ JI’7/3 levels. The wlexandrite laser output is tuned ovey
the absorption transitions shown in Fig, 2, afler which
radiationless reluxation oceurs 1o the *Fy . metastable
state. Fluorescence occurs from the *Fy, level w the lev-
els belonging to the */ term and, above thieshold, lasing
occurs in the *Fyoy = Y1 tansition.

Figs. 4 and 5 show the room temperatire Tharescene
spectra between 300 and Y00 i of N Y AG puaiped by
an alexandrie Taser at 734.0 and 748.6 nim, respectively
In recording these spectra, a filer was used o climinate
scattered taser light, and this also elinunates lom the 1e-
corded spectra some of the emission (ransitions ovcurring
between 600 and 770 nm. A neutral density hiter rated at
4.0 0.D. was used when recording the Huorescence enis-

0018-9197/89/0800-1850%01.00 © 1989 IEEE
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sion in the spectral region from 770 to 900 nm. Along
with the normal fluorescence from the *Fy/, level in the
near-infrared spectral region, strong emission lines ap-
pear at higher energies between about 380 and 600 nm.
These transitions must be associated with multiphoton ab-
sorption processes. The specific transitions that appear in
this spectral region and their relative intensities depend
on the wavelength and the power of the pump pulse. Tran-
sitions between levels having energy differences mulching
the observed spectral lines of Fig. 4 are shown in Fig

[t appears lhdl these transitions originate from the P, .,
*Dq;y, and *P, /1 levels and terminate on the various mul-
tiplets of the ground term. The spectrum shown in Fig §
1s also a result of a multiphoton excitation process and the
fluorescence in the green is a result of transitions origt-
nating from the *G;., level and terminating on varous
components of the ground term.
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In order to excite the higher lying luorescence levels
producing the emission shown in Fig. 4, it is necessary
tor two pump photons to be absorbed. For energy to be
conserved, the energy of the transition from the ground
state to the final level must match the sum of the energies
of the two photons minus any energy lost through radia-
tionless decay processes. By studying the energy level
diagram in Fig. 2, it is clear that the only path for the
required two-photon excitation process under these pump-
ing conditions 1s for the first photon to be absorbed by a
transition to one of the Stark components of the *Fy/, +
*S5,2 levels followed by radiationless relaxation to the
fevels of the 2H9/3 + 4F5/3 manifold. The second photon
is ubsorbed before the ion can continue relaxing down to
the *F;,, metastable state. Depending on the exact energy
of the pump photons, there is a good energy match to
transitions terminating on the two Stark components of
the *Py /5 level. In this level, there is a branching ratio for
Huorescing and radiationless relaxation to the lower *Ds /5
and *P,;, levels from which some fluorescence also oc-
curs.

Excitation spectra of the emission in the 420 nm spec-
tral region was taken in an attempt o verify the above
interpretation and the results are shown in Fig. 6. The
peaks in the 420 nm excitation spectrum are different from
the absorption peaks in Fig. 3 and correspond spectrally
to the cnergy differences between the different Stark com-
ponents of the *Fs/, + 2H, ;5 manifold and the Stark levels
ol the *Py,, multiplet. The excitation spectrum of the 870
nm cmission was also measured and found to contain the
sie features as the absorption spectra shown in Fig. 3.

HI. ErcecT oF Pusme Punorton ESA on Store
EFFICIENCIES

Fig. 7 shows the results of measuring lasing thresholds
and slope efliciencies tor Nd-YAG pumped at ditferent
wavelengths by an alexandrite laser. [t should be noted
that no attempt was made (o optimize the sample or cavity
parameters to obtain the best possible operational char-
acteristics of an Nd-YAG laser. The purpose of this work
ts to demonstrate how these characteristics vary as a func-
ton of pump wavelepgth. The results show only small
changes in the lasing threshold as a tunction of pumnp
wavelength, whereas the slope elliciency varies signili-
cantly as the pump laser is tined across the absorption
band of Nd-YAG shown in Fig. 3.

The vertical lines in Fig. 3 idenufy the spectral posi-
tons of the pump wavelengths resulting in excited state
absarption from the ‘F;;z + 2II.,/3 levels to the "I",g en-
crgy levels. For 733 6 nm excitation, no ESA of puinp
photons occurs and a slope etficiency of 10 percent is ob-
tamed, while Tor 737 0 um excitation, ESA ot pump pho-
tons reduces the slope elficiency to only 6 percent. For
the pumping conditions resulting 1n high values ot the
slope ctheiency. there is no change i the slope ol the
tmeastred power output versus power absorbed curve over
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the cntire range of pumping powcers. However, lor the
pumping conditions resulting in low valucs ol ihe slope
efliciency, the slope of 1the curve of meusuied power out-
pul versus power absorbed decreases ar high pamp pow-
ers. This is associated with the pump power dependence
of the ESA loss mechianism.

The slope efliciency g, is detined as [9), 110)]

Im ()

where N, and A, are the pump and output waveleneths, €
ts the output coupler transmission, Lo the sample foss
per pass, and Chas the lotal transmission of the cavity
rors. q, 18 the pumping efhiciency and s defined as the
number of ons excited 1o the arrgm ol the Lasing faansg
ton produced per photon abscrbed
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The ESA of pump photons found to occur in levels
above the upper tevel ot the Tasing transition can be taken
ito account by redefining the pumiping ctliciency as

(2)

Coguation €29 s valid when the excited state absorption
cross section 1s much greater than the grownd state ab-
sorption cross section and the rate o nonradiative relax-
attone downward s much greater than the rite upward due
to exented state absorpion. The slope etficiency can be

Ny = ’I}:(l - ’II‘S/\)'

cxpanded s

N, = 'II»'( I Nisa ) (3)

where gl as given in ¢y with g, replaced by », and ny.g4
is the exerted state absorption efliciency defined as

Hysa = iV‘U'Ag,\(/. (4)

Noand oy oy are the excited state density and excited state
absorption cross section, respectively ., of the levels above
the apper tevel of the fasing transition from which the
ESA processes oceur. d is the depth of absorption ol the
pump Teht o the sample.

e eflecs BESA of pump photons present at various
pump wavclengths can be deseribed by (3). For 753.6 nm
evaitation, there is no bMue emission detected and the
navimum slope cicteney as obtained. Thus, it s as-
sumed that there is no ESA of pump photons from levels
above the upper fevel ot the Lising transition and the value
ol 10 percent obtamed tor the sltope efliciency under these
prumping conditions s taken as the nmadamum value for
W s assumed 1o be one in the absence of ESA of pump
photons. bur will vary with pump wavelength. The ESA
cllicieney and the excited state absorption cross section
can he determimed by fliting (3) o the slope efliciency
cuives shown in Figo 70 An example of this type of fitting
15 shown as o solid hine iy the tigure tor 737.0 nm pump-
ing. o thermal equilibrium, a Boltzmann distribution pre-
dices that abowr 2.5 percent of the population of the ex-
cited state will be in the specitic Stark component of the
oo TF devels from which ESA oceurs. Fitting (3)
o the tesults abtuned for 737.0 nm excitation yields a
value for gy of 0108 at the pumping threshold., nega
increases lncarty with the power absorbed by the material
because ol Ns linear dependency on power absorbed.,
Using the value tor gpgy with (4) gives an excited state
absorption cross section ot 4.6 x 107" e, This is con-
sistent with results found from two-photon absorption
studies of Nd'' jons in solids {11]. The reason for this
refatively Targe value is probably due to strong admixture
of the o wavelunctions m the high lying 2Py, level.

IV, Discussion aND CONCLUSIONS

The resudts discussed above show that alexandrite laser
pumped Nd-YAG lasers can have a pump wavelength-
dependent loss mechanism associated with the excited
state #Hsorption of pump photons. This loss micchanisi s

ABNOREPHIONTOF TURT RADIXTION X5 TOUSS MTCIANDGSY — — ——————————— —

negligible for some pump wavelengths, while for other
wavelengths, this loss mechanism dominates the pumping
dynamics to the extent that the slope etliciency is greatly
decreased. This is the first observation of a loss mecha-
nism o in lasers due to excited state absorption of pump
photons taking place duning relaxation trom the pump
band to the metastable state. This will not be as significant
a loss mechanism Tor broad-band pumping because the
pump photons arc spread over a wide range of the cner-
gies. However, for monochromatic pumping by laser
sources with all the pump photons having the same cn-
crgy, this can be the dominant loss imechanism. Since
multiphoton absoiption is power-dependent process, this
loss mechanism will be most impontant for high-power
pumping situations. However, even for low-power diode
laser pumping, the Joss via this mechanism may not be
negligible.

Other types of excited state absorption processes are
well known as loss mechanisms in laser systems. These
include up-conversion encrgy transler through jon- jon in-
eractions 8] and the excited state absorption of photons
that are part of the laser emission [ 10]. 1t is not surptising
that excited state absorption of pump photons can become
important under the conditions of high-power laser pump-
ing. However, it is surprising that the sccond step i the
two-photon absorption process occurs before the ion has
completely reluxed to the lowest lying metastable ste.
This allows many different transitions to take place in the
excited state absorption process, and therefore enhances
the effect of tas loss mechanism. The effectiveness ol this
loss mechanism depends on the relative rate of the non-
radiative relaxation of the jons in the ttial state ot the
transition compared (o the rate of excited state absorption
The exponential energy gap law [12] predicts a mulu-
phonon decay rate for the *Fs -, term on the order ol 10"
s7', whereas the ESA pump rate at threshold

[
(Wisa)n = disa </“ > (5)
1w

is on the order of 1075 1,

It should also be pointed out that we have observed this
new type of loss mechanism when pumping into the 'Fq |
cnergy levels {13, in a farge number of Nd-doped fuser
materiads and in laser materials based on other rare carth
ions such as Er' ", Thus, it appears that this is a general
loss mechanism that may be in all faser-pumped solid-
state laser systems based on rare earths ions.
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Single crystals of lanthanum lutetium gallium garnet (LaLuGaG) were grown by the Czochralski
pulling technique. X-ray difiraction and elementa. analysis performed on these samples indicate
that these garnets do not form with simple stoichiometry described as | La},[Lu),72,0,, but with
increased Lu concentration in the dodecahedral site and Ga occupancy in the octahedral site. Opu-
cal absorption and fuorescence spectra confirm these results, showing inhomogeneous broadening
of the spectral lines of Nd’*. Various laser gain measurements were performed on
{La, _,Lu,},{Lu,_,Ga,];Ga,0,, crystals containing 4.3 and 1.3 at. % Nd** to determine the use-
fulness of this matenal as a laser. No optical gain was observed. Time-resolved, site-selection spec-
troscopy measurements were performed to determine the effects of ion-ion interaction, and show the
presence of very weak energy transfer between ions in aonequivalent crystal-field sites. Two-photon
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excitation  spectroscopy measurements  demonstrate  the presence of very strong (wo-
photon-absorption transitions, which prevents lasing in this garnet.

I. INTRODUCTION

Although Nd-doped Y AL(AlO,), (YAG) has become
a standard laser material, there is still significant interest
in characterizing the properties of other types of Nd-
doped matertals that can be pumped with Ga, _, Al As
laser diodes emitting radiation at 80020 nm. The spec-
tral emission of laser diodes at 800 nm is resonant with
the *F5 , and *H,,, Nd** absorption bands. The advan-
tage derived from the spectral match leads to a reduction
of the amount of heat which is deposited in the medium,
thus reducing the thermomechanical requirements of the
laser host. With the commercial availability of single
fuser diodes with powers exceeding | W and two-
Jimensional arrays producing 4.0 kW/em?, it is useful to
determine if other matenals can be found with spectral
and thermo-optic properties leading to improved laser
charactenstics. Desirable properties of new laser-diode-
pumped sohd-state lasers include a longer fluorescence
Iifetime. a broader absorption band, and a higher absorp-
tion coetficient as compared to Nd:YAG. We report here
the results of x-ray ditfraction, elemental and spectro-
scopie analysis, and gam measurements  obtained on
Nd' " -doped  fLa, (Lu |\[Luy ,Ga,],Gay0y, (Lalu-

2R

GaG) crystals.

Y, AL(AIO); is not the ideal garnet structure for dop-
ing with Nd** ions. The ionic radius of Nd’* is too
large to give polyhedra sides that match the s;u»s of Al’*
polyhedra, This mismatch imposes difficulties in forming
a solid solution of Nd;AL(AIO,); with Y ,ALIAIO ), that
would limit the amount of Nd>* that can be incorporated
into the YAG lattice to only a few atomic percent. In ad-
dition, the distances between cation lattice positions for
the aluminum garnets are small enough to allow for
strong enough ion-ion interaction to produce concentra-
tion quenching of the Nd’* fluorescence.! On the other
hand, neodymium may be substituted completely into
gatlium-based garnet systems. The largest lattice param-
eters in the gallium garnet group may be realized in gar-
nets formed with lunthanum occupying the dodecahedral
positions. For such gai—~ets to be synthesized, the struce-
ture must be expanded by substitution of ions larger than
gallium into the dodecahedral sites. When such substitu-
tions were made, 1t was found? that compounds Jdo not
form  with  simple  stoichiometry  described  as
[Lal[Lu),GayOp but dthat the octahedral and
tetrahedral substituents are distributed between two crys-
tallographic sites, with the distnibunion corresponding to
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the formula {La;  Lu |yfLu, . ,,Guy]zGa]Ou.

The study of mixed garnet crystals began in the late
1960s. Mixed garnets are those in which additional addi-
tives have beenintroduced into the | A L[ B],0C)0, gar-
net cryvstal, causing multiple 1ons (o occupy crystallo-
graphic sites. Numerous laboratories have studied the
optical spectroscopy of mixed garnets, in particular Lu-
compensated Nd:Y ALIALIO),. Holton et al.? showed
inhomogencous broadening of the spectral lines of Nd*+,
attiibuted 1o a distribution of Nd ions among sites with
ditfcrent ervstalline fields. The resulting broadening is at-
tributed to Nd jons residing in Lu-rich and Y-rich sites
with shghely  diflerent crystal fields. Voronko and
Sobol',' i a more comprehensive study of this mixed
garnet system, investigated the dependence of the width
and itensity o the spectral lines with respect to varying
concentrations of Y oand Lu in the dodecahedral sites. A
shight hroadening, by 2-10 times, was scen in these gar-
nets, with no change of the mtensities.

Doped with Nd, these mixed garnets are intermediate-
gitn Laser materials, exhibiting gain higher than Nd:glass
but lower than Nd:YAG. These materials would exhibit
hrgher energy storage and lower amplified spontaneous
cmission at hich pump powers.*

1. EXPERIMENTAL RESULTS
A. Crystal growth

The Eanthanum Jutetium gallium garnets of the above
composition were grown by the standard Czochralski
pulling technique. The raw materials were dried at
200°C, and La,0y and Lu,Oy were fired at 1100°C for
12 11 so that they would be free of absorbed water and
carbon dioxide. The oxide was then mixed in the desired
ratio, pressed in an isostatic press, and loaded intoa 55
cm oandium crucible. of power at a 9.8-kHz frequency
was coupled via copper coil to the crucible, heating the
crucible and melting the charge. The crucible was insu-
lated with a stabilized zirconia sleeve, and the entire as-
sembly tconl, insulation, and crucible) was enclosed in a
water-cooled bell jar equipped with nitrogen and oxygen
supply lines, providing a growth atmosphere of N, with |
vol. 7t of O,. The pulling rates employed were | mm/h.
The Muid fow in the melt was aided by rotating of the
cry~tal at the rate of 15 rpm. The crystal diameter was
controlled at a programmed rate by regulating the weight
of the growmg crystal. The erystal grown in the [i11]
direction displayed typical garnet morphology, that is,
faceting and core formation due to growth with a convex
interface. The crystals were 1 in. in diameter and be-
iween 2 and 4 1n. long. Numerous growth runs of these
Lal.uGaG crystals were performed with either or both
Cetoand NdY'. The samples studied were two Nd-
doped boules with 3.3 and 1.0 at. % added to the melt
and one sample with 0.4 at. % Cr’*. Spectroscopic sam-
ples of high optical quality were cut and polished from
these boules.
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B. X-ray diffraction

The spectroscopic characteristics of optically active
1ons in garnet crystals are closely related to the properties
of the crystal structure.  Originally determined by
Menser® for naturally occurring minerals such as grossu-
larite, spessartine, or pyrope, the garnet structure is cubic
and belongs to space group Ja3d. All the cations are in
special positions with no degree of freedom, whilc the ox-
ygen atoms are in general positions. Each oxygen atom is
at a shared corner of four polyhedra: one tetrahedron
surrounding a “d” ton; one octahedron surrounding an
“a 1on; two dodecahiedra surrounding ¢’ ions.

The positions of the oxygen ions in the structure are
defined by three general parameters: x, y, and z. The
values ol these parameters change with the chemical
composition of the garnets and depend mainly on the ra-
dit of the cations. When oxygen ions are shifted from
their ideal positions, distortions of polyhedra result.
These distortions change the length of the edges of the
polyhedron, while the distances between the center and
the corners of the polyhedron are given by cation-oxygen
ionic radii. Thus, freedom in substitution of various cat-
ions in the garnet structure is greatly restricted by the re-
quirement of matching the length of the shared cdges
among the three polyhedron types. On the other hand,
expanding one polyliedron by proper selection of substi-
tuting cations may allow extending the selection of other
cations for substituting tnto the garnet structure. This
approach has been successful in doped lanthanum gar-
nets.?

The crystal structure analysis was performed on an au-
tomated Nicolet R3m/ye diffractometer equipped with an
incident-beam graphite monochromator and Mo Ka ra-
diation (A=0.7107 A). Lattice parameters were deter-
mined for 20 centered reflections within 3.0° < 20 < 60.0°.
Data were corrected for Lorentz-polarization ceffects
and  absorption  correction.  The  structure  of
{La,_ Lu |y{Lu;_,Ga, ],Ga,0,, was solved by direct
methods by varying x and y until the R factors (or residu-
als) were minimized.” Low R factors indicate that the
structure is correct and that the structure model based on
atomic positions agrees well with the experimentally mea-
sured intensitics. Table T shows the essential details of
the structure; detatled structure mformation can be found
in Ref. 8.

C. X-ray fluorescence

Elemental analysis was performed on three samples of
LaLuGaG doped with impurities. These included two
spectroscopic samples doped with Nd*'* and Cr''. The
third sample was a 10-cm-long by 3-cm-diameter
Nd’*:1 aLuGaG boule. The analysis was performed with
a Kevex 770/8000 x-ray fluorescence spectrophotometer.
This instrument uses the energy dispersive techniqgue,
where radiation from a primary x-ray tube is directed
upon a secondary target, gencrating monochromatic x-
ray fluorescent radiation at the characteristic Ka and K /3
energy levels of the target material. Tlis secondary radi-
ation is then directed upon the sample to be analyzed.
The subsequent x-ray fluorescence from the sample is
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TABLE 1. Summary of single-crystal x-ray diffraction results of {La,_ ,Lu,h[Lu,_,Ga 1:Ga,0y;
for x=0.25 and y=0. Atom coordinates (X 10*) and thermal coefficients (A*x 10") of LaLuGaG.
Space Group: Ja3d (cubic) (No. 230). Unit cell axis length: 12.930(3) A. Observed data [/ > 3a(D)]:

236. Refinement: R=4.07%; wR=13.02%.

Atom 10 10y 10°z U (107 AY
Lu(1) 0 0 0 210
La@2) 0 2500 1250 2001 )*
Lu(2) 0 2500 1250 20(1)*
Ga(3) 0 2500 3750 201
0 300(3) 576(3) 6569(3) 23(1)*

*Equivalent isotropic U defined as one third of the trace of the orthogonalized U, tensor. Parenthetical

values are estimated standard deviations.

detected and recorded on a multichannel analyzer. The
chief advantage of the energy dispersive system is that
secondary targets can be chosen whose secondary x-ray
fluorescence will most efficiently excite the analytes in
question. Such efficient monochromatic excitation results
in a high signal to background ratio and provides the
ideal conditions for accurate quantification routines.

Film standards of known concentration and mass
thickness were obtained from Micromatter Co.? to obtain
a known intensity-concentration ratio. This known ratio
is compared with the sample fluorescence intensities and
is used in conjunction with excitation efficiencies and ma-
trix effects to calculate analyte concentrations and the
elemental composition of the sample.

In our analysis of these samples, we selected secondary
targets which would most efficiently excite the analytes of
interest with minimum peak overlapping. Other parame-
ters such as tube voltage and current, counting time, and
atmosphere were selected to provide a statistically valid
number of counts and reduce atmospheric effects. The
composition of three LaLuGaG single crystals is shown
in Table II. The results in Table II clearly indicate the
added presence of lutetium in positions other than that of
the octahedral site. Based on size constraints, Lu undou-
btedly occupies the dodecahedral site. These results were
confirmed by x-ray diffraction. In addition, the Ga con-
centration was found to be slightly larger than three for-
mula units, which would indicate occupancy in the octa-
hedral site.

The segregation constant,' k, for Nd**:LaLuGaG can
be determined from the data in Table I1. At equilibrium,

the concentration in the solid is given by'°
c,=key(l—g)—1, (1)

where ¢, is the initial concentration of the dopant ion
and g is the fraction of melt that has been crystallized.
For Nd’* in LaLuGaG, k is 1.3.

D. Index of refraction

The refractive indices of Nd:LaLuGaG were measured
using the method of minimum deviation,'' in which a
polished prism of Nd**:LaLuGaG was fabricated and
mounted on a goniometer, and monochromatic light (in
this case, from multiline argon ion and helium neon
lasers) was passed through it. The point of least
deflection is recorded as the angle of minimum deviation,
and the index of refraction is calculated uccording to the
formula

n =sin{({)(a+7,)]/sinlia), {2)

where a is the prism angle and 7, is the angle of
minimum deviation. The results appear in Table 111,

The accuracy of the refractive index calculated from
the data was limited by the accuracy with which the an-
gle of minimum deviation was measured, in this case 5"
of arc. Thus there existed an inherent error of 10.0025.
The actual average error was £0.0035.

These experimental data were subsequently fit to
Sellmeier’s dispersion equation

nHA)=14+SA /(A=A . (3)

TABLE Il. LaLuGaG crystal composition in formula units.

Nd** concentration in LaluGaG
composition {at. %)

Sample Chemicau! analysis Crystal Mclt
Nd:LaLLuGaG boule (top) Ndg.gsla, 3;Lu; 5:Gay 015,00 1.37+£0.05 1.0
Nd-1al nGaG honle thottom) Ndg 0T 85 201 17 3693 02043 00 130+0.05 1o
Spectroscopic Ndyg 5La, j4Lu, :Gay 3604, 60 4.31£0.17 33

sample Nd:LaLuGaG

Spectroscopic
sample Cr:LaLuGaG

Crg4Lay Ly Gay 701300




9132 TOOMAS H. ALLIK et al. 37

TABLE i1l. Indices of refraction of Nd'*:LaLuGaG.
Sellmeier coefficients:  n (A)=1+SA/(A =A3); S$=2.3891;
Ao=194.46 am.

Wavelength (nm) M experimental
632.8 1.9070
611.9 1.9174
594.1 1.9221
543.0 1.9304
514.5 1.9376
496.5 1.9537
488.0 1.9632
476.5 1.9665

Appropriate values of S and A, given in Table 111, were
calculated from this formula by averaging all the possible
values extracted from the data. The index of refraction
of maximum fluorescence in the *Fy,,-*I, ,, transition,
1059 nm, was found to be 1.8634.
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FIG. 1. Room-temperature absorption spectrum of

Nd'*:LaLuGaG (1.3 at. % Nd'' ). The sample thickness is 6.61
mm.

E. Nd’* absorption spectra

The absorption spectrum of neodymium-doped LaLu-
GaG was investigated in the range of 200-6000 nm at
room lemperature and 10 K. These data were recorded

TABLE IV. Experimental (E) and theoretical (T) (the crystal-ficld parameters given in Table [X
were used in the caleulation of the energy levels) crystal-field splittings of Nd'* ion manifolds in LaLu-

(i;lG_.

State® Stark-level positions (cm ~")

Ty E 0, 102, 187, 287, 710

313 T -6, 103, 191, 287, 711

1 E 1962, 2003, 2097, 2129, 2347, 2416

2177 T 1964, 2001, 2697, 2123, 2343, 2422

1, E 3899, 3920, 4040, 4059, 4315, 4338, 4407
4148 T 3901, 3915, 4039, 4051, 4317, 4337, 4412
i E 5783, 5818, 5959, 6009, 6450, 6481, 6526, 6603
6190 T 5784, 5824, 5963, 6006, 6454, 6473, 6525, 6588
I, I 11417, 11534

11517 T 11414, 1153

I, L 12402, 12477, 12567, 12598, 12625, 12659,
', 12817, 12850

12183 T 12192, 12268, 12314, 12452, 12478, 12581,
12652 12622, 12656

Fi E 13375, 13462, 13582, 13587,

‘S ‘ 13602, 13648

13501 T 13368, 13452, 13564, 13586,

13592 13597, 13659

‘Fasy E 14645, 14717, 14775, 14852, 14964

14770 T 14652, 14723, 14771, 14834, 14952

o E 15901, 15926, 15991, 16093, 16129

15969 T 15908, 15919, 15961, 15968, 16011, 16054,
Gy E 16951, 17042, 17116, 17324, 17586

‘G

17091 T 16963, 17043, 17104, 17367,

17353 17434, 17465, 17653

2Gon E 18825, 18917, 18915 19032, 19161, 19410,
e 19469, 19599, 19650

P, E 23217

*The multiplet in Russell-Saunders notation and centroids of that multiplet are given.
PExperimental energy levels not used in the crystal-field calculations. The aqueous centroids were used

istead.
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in the uliraviolet, visible, and near infrared on a Perkin-
Elmer Lambda 9 spectrophotometer with a maximum
resolution of 0.01 nm. A Perkin-Elmer 983G infrared
spectrophotometer having an accuracy of 0.1 cm™! was
used Lo obtain spectra beyond 3200 nm.

A closed-cycle refrigerator, CTI-Cryogenics Model 21,
was used to obtain spectra at 10 K. Sample temperatures
were measured with a silicon diode calibrated to <1 K
below 50 K. Typical cooldown times were 1 h.

Figure t shows the absorption spectrum at room tem-
perature of Nd®*:LaLuGaG between 300 and 1000 nm
for a 0.661-cm-thick sample with a Nd** concentration
of 1.45x 10% ions/cm?. This spectrum is very typical of
Nd?* in other crystailine hosts, showing strong transi-
tions from the *I,,, ground-state multiplet to the 2Hy
and *F,,, (800 nm), *F,,, and 'Sy, (750 nm), and *G5
and 2G,,, (590 nm) states. The experimentally deter-
mined Stark levels of the Nd** ions in the dodecahedral
sites are listed in Table IV.

The peak absorption (emission) cross section for the
*Fy,-*1,,,, (Yy;—R,) transition was measured. The
peak absorption cross section, given in Eq. (4), is equal to
the absorption coefficient divided by the lower-level pop-
ulation

Up(Y)—'R2)=GP(Y3—*R2)/N(Y3)- (4)

The absorption coefficient for the 10.13-cm-long
Nd:LaLuGaG boule was measured to be 6.34x107*
em~'.  With the Nd** concentration of the
Nd:LaLuGaG boule equal to 1.45x 102 Nd*+ ions/cm’
{determined by x-ray fluorescence), and the partition
function equal to 2.488 (data taken from Table 1V), the
population in the Y, Stark level at 2097 cm™!' is
2.32x10"® Nd’*/cm’ at 298 K. Substitution of these
values into Eq. (4) yields a cross section of 2.73x107"?
cm?. This value is 2.4 and 0.9 times smaller than the
values for Nd:YAG and Nd:GSGG, respectively. 2

F. Branching ratios and radiative lifetimes
of Nd’*:LaLuGaG

The branching ratios and the radiative lifetimes of the
YRyt (I =300, 8) were determined in two in-
dependent ways. The first method is a direct application

A

TABLE V. Measured and caiculated line strengths of Nd’* in LaLuGaG.

913)

of the Judd-Ofelt theory!'>!'* and has been used by many
authors.>~'7 Data analysis was performed similar to
that of Krupke'” and is briefly described below.

The integrated absorption coefficient, fk (Ad A,
emanating from the ground state | (SL)J ) *I,,, manifold
to excited | (S'L’)J') manifolds was measured for 11 ab-
sorption bands in Fig. 1. The integrated absorption
coclmcient in turn is relared to the fline steength S by Eq.
(5):

8m N Xe?
3ch(2J +1)

(n?4+2)?
9n

fk()\)d/\: s, (5)

where J is the total angular momentum quantum number
of the initial level, X is the mean wavelength that corre-
sponds to the J-J' transition, n is the index of refraction,
and N, is the Nd** concentration. Values for n were
taken from Sellmeier's dispersion equation, Eq. (3), and
Ny was 1.45X 10% ions/cm’. The Judd-Ofelt theory pre-
dicts that the line strength S may be wrilten in the form

S(SLV,[S'L'V")
= 3 O SLYUass LY |,

t=2,4,6
(6)

where {4/ [SLVJU'4f"[S'L’))’') is a  reduced-
matrix element of the irreducible tensor operator of rank
t, and €, are the Judd-Ofelt parameters. The numericaf
values of the squares of the reduced-matrix elements for
Nd** (aquo) ions for transitions from the ground state
were taken from Carnall, Fields, and Rajnak.'® When
the absorption band was a superposition of lines assigned
to several intermultiplet transitions, the matrix element
was taken to be the sum of the corresponding squared
matrix elements.' A least-squares fitting of S, 10 S\,eu
yields values for Q, 4 ;. Table V shows the measured and
calculated line strengths for 11 absorption bands. The
Judd-Ofelt parameters and the branching ratios are given
in Table VI.

i

Russeli-Saunders Wavelength Index of refraction Line strengths (10 * ¢m?)

state [S'L')J’ (nm) n S neas S
Py 882 1.8738 0.424 0.749
P+, 807 1.8805 2.137 1 984
FratiSy, 748 1.8874 1.741 1.842
Ny 683 1.8973 0.144 0.131
oy s 625 1.9092 0014 0.034
N eI s B 587 1.9193 1.594 1.594
Ko +7Gr, +7Gy sy 526 1.9410 0.386 (0.898
Kiga+1Gy, +0D,°P) 479 1.9648 0.130 0.176
G 459 1.9778 0.084 0.016
P, Dy, 433 1.9982 0.041 0.103
Py viDy 4+ D +7Dy 356 2.0988 0.980 0.7%9
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TABLE VI. Experimental and theoretical Judd-Ofelt parameters and predicted branching ratios in

Nd’*:LaLuGaG.

Parameters Experimental value Theoretical value
Judd-Ofelt
Q, 0.84x 1072 cm? 0.31x 1072 c¢m?
0, 2,64 %107 cm? 1.21x 10" ¢m?
(R 2.61x107% cm? 5.19x 1072 cm?
Radiative lifetime
‘i) 362 ps.* 295 ps® 286 us
Branching ratios
BUFy 24T 0) 43.6% 26.0%
BUF - ) 47.2% 59.5%
BUFy 4-*115 1) 8.8% 13.8%
BUF, 5-*11s,y) 04% 0.7%

*From Judd-Ofelt calculations.
*From fluorescence lifetime experiments.

The second method of determining the branching ra-
tios and radiative lifetimes uses the point charge model.
In these calculations, the Stark-level positions of Nd**
given in Table IV were used along with the free-ion
Russell-Saunders [SL]J states with the free-ion Hamil-
tonian containing the Coulomb, spin-orbit, L2, G(G,),
and G(R;) interactions.' The free-ion parameters
chosen, from Carnall, Fields, and Rajnak,ls are
E'M=47393, E‘=23999, E‘“=485.96, (=884.58,
a=0.5611,8=—117.15, and y=1321.3 (allincm ™). In
the crystal-field analysis we assume a crystal electric field
(CEF) of D, symmetry of the form

[{C1517= ZB/“qC‘q(?') ' (7)
thq
where the B, are the crystal-field parameters and the
C,,(?) are spherical tensors related to the spherical har-
monics by

Ciol P ) =Var/(2k + 1Y, (6;,4;) . (8)

The sum on i in Eq. (7) runs over the three electrons in
the 4/ configuration of Nd’*, and the sum on k (k even)
covers the range 2-6 with ¢ even and in the range
—k <q < k. Since we assume that the Nd>* ions occupy
the dodecahedral site with D, symmetry, the crystal-field
parameters can be chosen real; thus there is a total of
nine even-k B,,. The procedure we use in the analysis of
the experimental data is to obtain the free-ion wave func-
tions using the free-ion parameters. We then use these
free-ion wave functions to evaluate the energy levels in a
crystal using the Hamiltonian given in Eq. (7). The
crystal-field parameters B,, are then determined by

gies from the experimental energies. The centroids of
each [SL|J multiplet are allowed to vary freely during
this fitting and are considered experimental data in the
final analysis.

To obtain starting values of B,, for our fitting of the

experimental energy levels, we use point-charge lattice
sum A,. The A,, are related to the By, by®

Ba=pi Ay, 9)
where
pr =15y g1 —ay) . (10)

T is an ion-dependent radial expansion parameter,?

(r*)p are Hartree-Fock expectation values,?' and o
are shielding factors.?? Values of p, for Ce’* through
Yb** are given by Morrison and Leavitt.?> The values of
A, were calculated by a point-charge lattice sum using
the x-ray data of Table I. In performing the lattice sum,
the material is assumed to be La;Lu,Ga;0,, and for the
starting parameters the charges on the individual ions are
assumed to be the valence charges ¢;,=3, ¢,,=3,
gdga=3, and go=—2 (in units of the electron charge).
Later A;, were calculated using an effective charge on
the oxygen site g, such that g5, = —5—4g, and varying
qo to obtain the best fit of calculated B,, to experimental
By,- The resulting A, for even k were obtained from
the lattice sums; the B, obtained by using Eq. (9) are
given in column 3 of Table VII. These values of B,, were
used in the least-squares fitting as starting parameters.

The crystal-field parameters that gave the best fit to the
experimental data are given in Table VII, as well as the
point-charge B, computed using go=—1.64 (the value
of the oxygen charge that gave the best agreement to the
experimental B, ). In this fitting a number of experimen-
tal levels were discarded because attempts to fit these lev-
cls were unsuccessful. The odd-k A4, (cm~'/A*) using
go=—1.64 were calculated and are A,,=1520,
As;=—1500, 4,,=867, 4,,=542, A4,,=88.0, and
Aq=—129. (All odd-k A, are imaginary.)

The By, of Table VII along with the odd-k 4, values
were used to calculate the intensity of electric and mag-
netic dipole transitions for the rare-earth series. A de-
tailed discussion of this calculation is given by Leavitt
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TABLE VII. Experimental and calcu.lz}‘ted crystal-field pa-
rameters, By,. Note: Odd-k Ay, (cm~'/A") for go=—1.64 are
A)2= 1520, An= -— 1500, A5‘=867, A11=54.2, A1‘=88.0,
and 4= —129.

Best-fit experimental Point charge

kq By,* (cm™') B.° {cm™")
20 879 843

22 206 338

40 —80.4 68.6
42 — 1650 —-2370

44 — 782 —1087

60 — 1345 — 1485

62 — 608 -732

64 629 736

66 -613 —-614

*Best-fit experimental By, for all data; rms= 5.658 cm ™.

®Point charge By, using go= —1.64; rms=50.38 cm~".

and Morrison.?* The resulting Judd-Ofelt intensity pa-
rameters are given in Table VI for Nd’*+ and the other
rare earths in Table VIIL

G. Nd**:LaLuGaG fluorescence and lifetime measurements

The fluorescence spectrum of Nd*+:LaLuGaG was
recorded with a Spex F222 spectrometer. Figures 2 and 3
show the fluorescence spectrum in the region of the
*Fy -1, 2 and *F;5-*1, , transitions. The fluorescence
lifetime and tiine-rcsolved, site-selection spaectroscopy
measurements were made using a nitrogen laser-pumped
tupable dye laser with rhodamine 6G for the excitation
source. This provided pulses of about 10 ns in duration
and less than 0.04 nm half-width. The 4.3 at. % Nd**
sample was mounted in a cryogenic refrigerator with
temperature variable between 10 and 300 K. The fluores-
cence was analyzed by a 1-m monochromator, detected
by a cooled RCA C31034 photomulitiplier tube, processed
by an EGG-PAR boxcar integrator triggered by the
laser, and displayed on an x-p recorder.

The fluorescence lifetime of Nd*>* in LaLuGaG after

TABLE VIIIL. Calculated Judd-Ofelt (JO) intensity parame-
ters {1, of rare-earth ions in the La site of La;Lu,Ga,0,,.

JO mtensity parameters (10-% cm?)

fon Q, Q, Q,

Ce 0.5872 3.734 22.17

Pr 0.3286 1.884 9.449
Nd 0.3167 1.206 5.186
Pm 0.1833 0.9318 3.986
Sm 0.1599 0.7902 3.300
Eu 0.1265 0.6060 2.333
Gd 0.0990 0.4588 1.610
Tb 0.1729 0.8314 3.913
Dy 0.127} 0.5830 2.428
Ho 0.1038 0.4601 1.772
Er 0.0995 0.4352 1.671
Tm 0.0968 0.4190 1.615
Yb L)OBI‘/ 0.3417 1.230
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. FIG. 2. Fluorescence of Nd**:LaLuGaG at room tempera-
ture in the region of the *Fy,,-*1,, ;-

lower power dye laser excitation varies from 290 us at 11
K to 205 us at room temperature, as shown in Fig. 4.
The solid line in Fig. 4 represents the best fit to the data
using an expression of the form

rf':r,‘"—f—C[exp[AE/(kBT)]—”_l» (rn

where 7, and 7, are the fluorescence and radiative life-
times, respectively. The last term describes the quench-
ing of the lifetime due to radiationless processes involving
the absorption of phonons of energy AE. Cis a constant
containing the matrix element for these transitions. The
values obtained from fitting Eq. (11) to the experimental
data are listed in Table IX. Several types of processes
can lead to this type of lifetime quenching and will be dis-
cussed in Sec. IT1.

11. Laser gain measurements

The laser-pumped, single-pass gain measurements us-
ing the frequency-doubled output of & mode-locked Nd-
YAG laser as the pump source were performed at Ok-
lahoma State University. This provided a 25-ps excita-
tion pulse with a few millijoules of energy at 532 nm.

10 r——

|
|

WL

|
.
.

-

Intensity [Arb. Units)
ik

850 860 870 880 890 900 910 920 930 940 950
Wavelength (nm)

FIG. 3. Fluorescence of Nd**:Lal.uGaG at room tempera-
ture in the region of the 'Fy,,-*1, ;.
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FIG. 4. Temperature dependence of the fluorescence lifetime
of the *Fy,, metastable state of Nd**:LaLuGaG. (See text for
explanation of the theoretical line.)

The probe beam was the collimated output of a xenon
lamp passed through a 0.5-m monochromator. The
change in the probe beam transmission through the sam-
ple under pumped conditions was monitored using a
0.25-m monochromator and photomultiplier tube with
the output photographed on a storage scope. Multipho-
ton excitation studies were made using the same laser for
excitation, and the fluorescence emission was monitored
with a 0.25-m monochromator with an EGG-PAR silicon
array detector and optical multichannel analyzer (OMA)
combination. Fluorescence lifetimes under these excita-
tion conditions were again measured with the boxcar in-
tegrator.

The attempt to observe single-pass gain was made with
the probe beam tuned to the emission peak at 1059 nm
while the pump beam at 532 nm was in resonance with
one of the strong absorption transitions. Although these
experimental conditions resulted in easily observable gain
for several different types of Nd-doped crystal and glass

TABLE IX. Summary of results.

l’urameterx Value

Fluorescence lifetime

r YFy, (10 K) 290 us
T, *Fy,, (300 K) 205 ps
r, 1Py, (300 K) 0.32 us
ry HF2)y, (300 K) 2.52 us

Fluorescenice rise time

o 2Py, (300 K) 317 ns

0 U F2)5,, (300 K) 200 ns
Radiative lifetime

T, AR 295 us
Energy transfer

C 1538 us

AE 30 em~!

a (100 K) 392 pus

AL, 29 cm~!

materials, no gain was observed for the 4.3 at. %
Na’*:LaLuGaG sample at room temperature. Since the
optical quality (and thus the scattering losses per pass)
was approximately the same for each of the samples in-
vestigated, the lack of optical gain indicates the presence
of some type of loss process occurring for Nd** in the
LaLuGaG host.

Direct lasing of two Nd:LaLuGaG samples was at-
tempted at the Center for Night Vision and Electro-
Optics. Two experiments were performed with different
wavelengths  of excitation and different pumping
geometries. A laser diode array capable of producing 80
mJ per pulse at 20 Hz was used as a pump at 808 nm in a
side-pump geometry. Typical outputs for Nd:YAG using
this scheme are 25 mJ.?® When a Nd:LaLuGaG sample
was inserted in the resonator, no lasing was detected at
1059 nm. End-pumping of ihe same crystal was also at-
tempted with a Coherent 699-29 ring dye laser producing
1.3 W with rhodamine 6G. Lasing was again not detect-
ed at 1059 nm. A focused dye laser beam at 595 nm pro-
duced an intense purple fluorescence at the focal point.
This 1s indicative of two-photon absorption to higher ly-
ing levels, which prevents lasing in this material. This is
consistent with the experimental results shown in Sec.
L

1. Multiphoton excitation measurements

For low excitation powers, the fluorescence emission
originates from the ‘F;,, metastable state at wavelengths
longer than 850 nm. After high-power picosecond pulse
pumping, fluorescence emission extends throughout the
visible region of the spectrum to about 800 nm, as shown
in Fig. 5. This demonstrates the presence of multiphoton
excitation processes and subsequent emission from higher
energy metastable states. The spectral dynamics occur-
ring under these pumping conditions have been studied
for Nd** in YAG, Y;Ga;0,, (YGG), and lithium silicate
glass. 2" The transitions have been shown to originate
on the *P;,, and ’Fy,, metastable states with lifetimes of
about 0.3 and 3.0 us, respectively. The fluorescence lines
shown in Fig. 5 can be divided into one set having a life-
time of 0.3 us and another set having a lifetime of 2.5 us.
In comparison to the previous results, we assign these
transitions to lines originating on the ?Py,, and % F2);,,,
respectively.

One important difference between the results obtained
on Nd**:LaLuGaG and those obtained on other hosts is
that strong emission from the *F,,, level was observed
for the other samples under these pumping conditions?®?’
but not for LaLuGaG. This implies that multiphoton ex-
citation transitions lead to relaxation channels that
bypass the *F;,, metastable state and thus act as a loss
mechanism for pumping the *F,,,-*I | ,, laser transition.
The multiphoton processes in the other hosts have been
shown to be sequential two-phuton excitation processes
(STEP’s) involving a real intermediate state,?’ and we as-
sume that the same mechanism is active in LaLuGaG.
The effects of the STEP mechanism appear to be stronger
in the LaL.uGaG sample than in the other hosts. One im-
portant spectral difference that may account for this is
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FIG. 5. Fluorescence of Nd**:LaLuGaG at room tempera-
ture after pumping at 532 nm with a 25-ps laser pulse.

that the 532-nm pump wavelength is almost exactly in
resonance with an absorption transition in LaLuGaG,
whereas for the other hosts investigated this wavelength
is onn the wing of the absorption band.

J. Energy transfer measurements

Dye laser, titne-resolved spectroscopy techniques were
used to investigate the characteristics of energy transfer
between Nd** ions in nonequivalent crystal-field sites in
the region from 560 to 600 nm. The fluorescence in the
880-nm spectral region wus monitored in this investiga-
tion and is shown in Fig. 6 tor two temperatures. At {1
K these transitions are associated with emission from the
*F,,, metastable state 1o the various Stark components of
the *1,,, ground-state manifold. At room temperature,
emission from higher excited states is present and the
transitions broaden because of both electron-phonon in-
teractions and e¢nergy transfer to ions in spectrally ine-
quivalent sites.

T T T T T T T T T
4,, = 589.23 nm 1
x1/8
5 - \ -
e
2t T=1K 1
8
S ! | L i /T/\ L !
z
a | T = 296 K )
2
: va
- 4
L 1 1 i 1 L L L D
860 /70 880 890 900

Wavelength (nm)

FIG. 6. Fluorescence of Nd'*:LaLuGaG at two tempera-
tures in the region of the *Fy,,-*1,,, transition after pumping
near 589 um with a 10-ns laser pulse.
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Microscopic strains produce slightly different crystal
fields at the site of each Nd** ion in the lattice, resulting
in inhomogeneous broadening of the spectral lines. In
addition, Nd’* ions occupying sites having significantly
different crystal-field environments produce transitions
that are easily resolvable in the optical spectra. lons ina
specific type of site can be selectively excited by tuning
the dye laser into resonance with one of the absorption
transitions associated with these ions. The results of do-
ing this are shown in Fig. 7. As the excitation wave-
length is tuned over 0.41 nm, the maximum emission of
this transition shifts from peak a to peck b, indicating a
change in the type of ion being excited. Note that the en-
ergy separation of the transitions originating from the
ions in these two types of sites is AE, =29 cm ™.

In order to study the energy transfer between Nd**
fons in these two major types of sites, the time evolution
of the relative fluorescence intensities of peaks a and b
was monitored as a function of time after the excitation
pulse for both excitation wavelengths. These time-
resolved measurements were carried out at several tem-
peratures between 1! and 100 K, above which the
thermal broadening of the lines prevented the spectral
resolution necessary for accurate measurements. In this
temperature range, no variation was observed in the ra-
tios of the intensities of peaks @ and b as a function of
time. This indicates that energy transfer between Nd'*
ions in these two different types of sites is a very weak

] T T T T bl T n
T=M1MK
| A, = 589.23 nm
— a
2 ]
g 3 i i L 1 1 L
T -
<
<L i
> 589.64 nm
P
‘@
£ .
=]
£
- b -
- —
1 1 1 i 1 1
874 875 876 877

Wavelength (nm)
FIG. 7. Fluorescence of Nd*':LaLuGaG at 11 K n the re-
gion of one of the *F,,,-'1,,, transitions for two ditferent eacita-
tion wavelengths.
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FI1G. 8. Fluorescence of Nd'* :LaLuGaG at 100 K in the 875
nm spectral region at two diiferent times after the excitation
pulse.

process. However, the similarity of the activation energy
for thermal quenching of the fluorescence lifetime and
the energy difference between peaks a and b may indicate
that at higher temperatures energy transfer between ions
in these two major types of sites does occur and results in
the quenching of the decay time.

Even though energy transfer between ions in the two
major types of sites is negligible at low temperatures,
time-resolved spectroscopy measurements do reveal spec-
tral energy transfer across an inhomogeneously
broadened line. An example of this is shown in Fig. 8
where the shape of fluorescence transition a is shown for
two times after the laser pulse at 100 K. A distinct high-
energy shoulder appears on this line at short times and
disappears at long times. This can be attributed to the
presence of energy transfer between Nd** ions in type a
sites with differences in transition energies due to local
perturbations of their surrounding crystal fields. This
type of energy transfer can be treated quantitatively in
the formahsm developed for analyzing spectral energy
transfer in doped glasses.?® In this model, the time evolu-
tion of the fluorescence intensity at frequency w is ex-
pressed as

Hon=alOH w0 +[1—a(D}(w,»), (12)

where a (1) is the function describing the energy transfer.
This can be integrated to give
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FIG. 9. Time dependence of the energy-transfer function
a(t) at 100 K obtained from Eq. (13) by monitoring the time
evolution of the shape of the fluorescence band at 875 nm.

a(x):f"[um,r)—uw,oo)]dm
IIJI

@, -1
x[f [(@,0)~I(0,0)do | . (13)
{Ul

The results of this analysis at 100 K are plotted in Fig. 9.
The energy transfer function decreases exponentially with
time, having a characteristic time constant of a=1392 us.
The energy transfer parameters are summarized in Table
IX.

III. SUMMARY AND CONCLUSIONS

The lifetime results summarized in Table IX indicate
that Nd** ions in LaLuGaG have a quantum efficiency
near 98%, which is significantly higher than that for
Nd:YAG crystals with this doping concentration.' In
addition, the rate of energy transfer between ions in the
two major types of nonequivalent crystal-field sites is
much smaller than in the YAG host.?’ Since the quan-
tum efliciency of *F;,, fluorescence in Nd’*-doped ma- -
terials is generally attributed to cross-relaxation processes
between neighboring Nd** ions which can be enhanced
by energy migration among the Nd3* ions, these resuits
are indicative of weak ion-ion interaction processes in the
LaLuGaG host. This observation is consistent with the
increased ion-ion separation in the LaLuGaG crystal.

The origin of the two major types of nonequivalent
crystal-field sites in LaLuGaG has not been identified.
However, in comparison with the results of previous
site-selection spectroscopy investigations of mixed garnet
crystals,>?? it is reasonable to assume that the different
sites are associated with dilferent lutetium environments
around the Nd** ions. In the YAG host, the energy
transfer between ions in the different types of sites has
been attributed to a two-phonon assisted process with a
real intermediate state.’?” This leads to an activation
energy associated with the energy level splitting of the
lowest two ground-state Stark components which is
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significantly greater than the measured activation energy
in the Nd**:LaL.uGaG crystal. This implies the presence
of different types of energy transfer mechanisms in the
two types of hosts.

The point-charge calculation of the odd-fold crystal
fields (k=odd A,,) was used to calculate the Judd-Ofelt
intensity parameters, ), for all the rare-earth experi-
mental values. For Nd**:LaLuGaG the radiative life-
time of the ‘F,,, level was calculated and compares
favorably with experiment. The branching ratios from a
line-to-line intensity calculation for the *F; , to *I; mani-
fold were determined. The agreement of the crystal-field
calculations with the experimental data was excellent for
the *1, and *F, multiplets as well as the Sy, and *Gs
energy levels.

The ability to incorporate high concentrations of N
in the lattice without degrading the optical quality and
maintaining a high level of quantum efficiency would

d.!+
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make LaLuGaG an attractive host for a Nd** laser ma-
terial. However, the inability to observe lasing under
pumping conditions producing gain in other Nd-doped
materials, due to the presence of strong multiphoton
transitions in this host, reduces the potential of
Nd**:LaLuGaG as a replacement for Nd'":YAG or
Nd**:Cr’ t:GSGG as an efficient 1-pum laser.
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A detailed spectroscopic and pump wavelength dependent laser study has been performed on
Nd* * ions in Ba, MgGe, O, . Site-selection spectroscopy experiments reveal fifteen distinct
crystal field sites for the Nd* * ions. At room temperature, excitation of ions in any one of
these sites is followed by efficient, thermally activated energy transfer to ions in a site having a
laser emission transition at 1054 nm. Laser-pumped laser experiments were performed to
determine the pumping threshold and slope efficiency of laser action in this material for
different monochromatic pump wavelengths. The measured slope efficiencies were found to be
pump wavelength dependent and ranged from €% to 22%. Excited-state absorption of pump
photons was shown to be responsible for this variation in the slope efficiency.

I. INTRODUCTION

The development of high power GaAlAs laser diodes
has renewed the interest in rare-earth doped solid-state
hosts. For Nd** doped materials, diode excitation at 800
nm has been shown to be more efficient than flashlamp
pumping in generating 0.9, 1.0, and 1.3 um lasers. In addi-
tion, monochromatic pumping in the near-infrared has pro-
duced visible (upconversion) emission and new laser wave-
lengths. Therefore, it is worthwhile reinvestigating materials
that do not possess superior flashlamp-pump characteristics
but can be reconsidered as materials for diode pumping. We
have chosen to study one such  material
Ba, MgGe, O,:Nd’ *, which has many attractive features.

Ba, MgGe,0,:Nd’ * (Nd:BMAG) was first studied in
the late 1960’s and early 1970’s as a flashlamp-pumped laser
material.'’ The host crystal possesses the Akermanite crys-
tal structure with space group P42, m (tetragonal)* and is a
subset of the melilite series of minerals. The Nd’* ions are
believed to occupy the Ba’ * site (C, symmetry) and charge
compensation is provided by interstitial anions, cation va-
cancies and monovalent ions,such as K* or Na*. When
doped with Nd** this crystal exhibits inhomogeneously
broadened absorption and fluorescence spectra. The room-
temperature fluorescence lifetime of 450 us for the *F,,,
metastable state' and the high thermal conductivity of the
crystal compared to a glass make Nd:BMAG an attractive
material for a diode-array pumped laser system. Spectro-
scopic measurements have recently been reported on a simi-
fur material Ba,ZnGe,0,:Nd’ *.°

We present here the results of time-resolved, site-selec-
tion spectroscopy experiments on Ba,MgGe,O,:Nd**.
The results provide information on the electronic transition
wavelengths of Nd’ * ions in different crystal field sites and
on the energy transfer between ions in these sites. In addi-

*' Present address: Center for Night Vision and Electro-Optics, Fort Bel-
varr, VA 22060-5677.
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tion, the characteristics of laser-pumped laser operation of
this material are reported. All of these results are relevant to
understanding the dynamics involved in monochromatic
pumping of this material.

1. ABSORPTION AND SITE-SELECTION
SPECTROSCOPY

The crystal used in this study was grown by Linz using
the top-seeded-solution growth technique.® The sample was
obtained from the same growth runs as those used for the
previous studies of this material.'”> The size of the sample
was 0.56x0.83 x 1.02 cm® with the long dimension parallel
to the c-axis of the crystal. The absorption spectra were re-
corded with a Perkin-Elmer Lambda 9 spectrophotometer
equipped with a polarizing attachment. Figure | shows the
polarized absorption spectrum of Nd:BMAG between 300
and 1000 nm at room temperature with the Fresnel losses
removed. The two salient features of the spectra are that at
most wavelengths the absorption coefficient for Elc is
greater than E ||c, and the sample exhibits broad absorption
features for the manifold-to-manifold transitions. The large
inhomogeneous broadening is primarily caused by the vari-
ation of the crystal field around the rare-earth ions due to the
mismatch in electronic charges between Nd* * and Ba** . In
addition to known Nd’ * absorption transitions, a broad ab-
sorption band from 320 to 420 nm has been detected and
could be attributable to a germinate complex.

Fluorescence, excitation, and site-selection spectrosco-
py measurements were performed using a 1.{olectron nitro-
gen laser-pumped dye laser that provided vxcitation pulses
of 10 ns duration, 0.5 A bandwidth, and energy of 100
mJ/pulse. The dyes used were Coumarin 440 with output
tunable from 420 to 465 nm for excitation into the 2P, ,,
manifold, and Rhodamine 590 with output tunable from 560
to 630 nm for excitation into the *G;,, and ’G,,, manifolds.
The sample was mounted in a cryogenic refrigerator capable
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FIG. 1. Absorption spectra of Nd' ' in BMAG at foom temperature with
(a) Elcand (b) £{lc polarizations. :

of reaching temperatures as low as 10 K and oriented such
that the laser pump pulses propagated along the c-axis. The
unpolarized fluorescence was monitored perpendicular to
the pump beam and focused on the entrance slit of a Spex 1
meter monochrometer. A filter was used to attenuate the
scattered pump laser light. It is we'l known that strong flu-
orescence from Nd' * ions in solids occurs in the near-in-
frared region and corresponds to transitions from the *F, ,
manifold to the lower energy ‘I manifolds. This fluores-
cence signal was detected with a liquid nitrogen cooled RCA
7102 photomultiplier tube and processed by a boxcar inte-
grator. The output of the boxcar was recorded on a strip
chart recorder.

The room-temperature energy levels of Nd'* in
BMAG were determined from absorptton and fluorescence
spectra and are listed in Table 1. The full width at haif maxi-
mum (FWIHM) was estimated from consiructed Gaussian
fits to the absorption and fluorescence bands. Reported ab-
sorption coeflicients, a,, are those measured at the band
maxima. No attempt was made to separate hot band transi-
tions or to deconvolute the multisite contributions when de-
termining the energy levels.

Figure 2 shows the excitation spectrum of the near-in-
frared emission of Nd:BMAG from 429 to 437 nm at 10 K.
The spectrum has been corrected for the filter response but
not for the dye laser intensity. The peaks observed in this
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TABLE . Room-temperature encrgy level parameters of Nd* ' :DMAG.

Stark Peak a, FWHM
manifold {cm ") (em ') (cm ")
‘D, 30 377 0.543 737

o
*D,, 28514 0.790 342
‘D, 27964 0.884 422
‘IH/I
‘D, 27 405 0.477 286
0P, 26 788 0.424 108
26 504 0.411 112
26 110 0.41) 212
25 826 0.399 147
D,,, 23776 0.337 266
p,, 23218 0.354 129
23010 0.366 243
‘Gin 22026 0.333 141
21 763 0.358 142
21622 0.358 164
Dy, 21 182 0.382 216
‘G, 20995 0.395 185
1Gy,y 19 569 0.613 84
19 478 0.691 83
19 353 0.625 86
*Gis 19030 1.020 145
18 868 0.687 78
18 761 0.629 92
‘G, 17 501 1.200 75
G, 17 483 0.851 83
17 209 1.300 92
17 103 1.440 73
17030 1.68 58
16972 1.52 55
16 846 1.09 105
16 71} 0.80 87
Houn 16 271 0.321 50
16 171 0.329 78
16 067 0.321 7
15946 0.313 84
‘Fiy 14 550 0.387 183
14 409 0.370 73
14 296 0.366 135
*Fr 13 567 1.380 S0
‘S, 13 460 1.200 73
13382 1.470 59
13 289 1.130 62
13154 0.559 73
‘Foy 12 750 0.382 44
M, 12679 0.485 40
12 553 0.929 35
12 505 1.170 39
12 429 2.040 42
12 334 0.880 52
12 252 0.621 50
Fi 11533 0572 52
11 399 1.070 49
11307 0588 47
1. M 0428 84
11046 0325 68
N V9N 6242 0.169 A
6156 0.154 47
6062 0156 69
5961 0.154 48
i 4359 0.160 35
4278 0.177 51
4225 0.193 34
4170 0.284 77
4102 0.251 27
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TABLE L. (continued)

Stark Peak a, FWHM
manifold (cm ™) {cm ") {cm™")
4057 0.280 35
4017 0.226 38
‘IH/I 2l76 67
2093 74
2029 76
1933 47
‘le 683 78
Jcd 10t
235 97
102 96
0 70

excitation range correspond to absorption transitions to the
2P, ,, manifold of Nd* *.” Since this energy level consists of a
single Stark component, each peak observed in Fig. 2 is asso-
ciated with a transition to the *P,,, level for Nd* * ions in
different crystal field sites of BMAG. The excitation spec-
trum was observed to be comprised of four groups of lines
that were well separated in wavelength. These major site
categories, labeled with a letter in Fig. 2, were composed of
*subsites” which were numbered with ascending integers
indicating descending energy. In total, fifteen individual
sites were identified. While a direct correlation is not possi-
ble with the available data, the major sites appear to be dif-
ferent crystal field centers associated with the different types
of charge compensation for the Nd* * in Ba’* positions.®
Thesubsites having the same letter designation (i.e., Al, A2,
A3, ...) are thought to be distinguished by perturbations in
the local crystal field due to tattice defects.® The intensity of
an excitation peak depends on the absorption coeflicient at
the excitation wavelength, the emission cross sections for the
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FIG 2 Excianonspectrum of the near-mfrared emission for Nd:BMAG at
10 K for trunsitions ternnnating on the *P, , energy level,
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transitions of the ions in that particular site, and the dye
response at the pump wavelength. In the excitation region
covered in Fig. 2, the dye laser response is essentially flat and
site A2 is the strongest emitter, followed closely by sites D5
and C4.

With the transitions for the sites identified in the P, ,,
excitation spectrum, it was possible to selectively excite ions
in individual sites and observe the fluorescence emitted. Fig-
ure 3 shows the *F,,, —*I,,,, fluorescence spectra at 10 K
associated with pumping the 2P, ,, level of sites A2, C4, and
D35. Time-resolved siudies showed that energy transfer
between sites was negligible at 10 K and the fluorescence
observed is solely due to ions in the site pumped. The short-
est wavelength peaks of the different sites are the highest
intensity transitions and are the common laser transitions
for Nd** ions. These transitions appear at distinctly differ-
ent wavelengths for ions in the different major sites. A rough
rule of thumbis 1050, 1060, 1070, and 1080 nm for sites A, B,
C, and D, respectively.

Optically pumping the different excitation peaks in the
P, ,, spectral region leads to the identification of many of
the Stark levels of the *F;,,, *I,, 5, and *I,,, manifolds for
the fifteen sites of Nd:BMAG. Similar measurements were
made pumping into the *G;s,, + *G,,, manifold. The results
of the spectroscopic energy level identification for the sites of
Nd:BMAG at 10 K are presented in Fig. 4. Only those ener-
gy levels that could be unambiguously identified are shown
in the figure. The energies of the levels generally decrease
from sites A to D.

il. ENERGY TRANSFER

Energy transfer between the different crystal tield sites
in Nd:BMAG was predicted from the appearance of the
room-temperature fluorescence spectrum. It was found that
cxcitation of any one of the crystal field sites at room tem-
perature produced the same fluorescence spectrum which is
shown in Fig. 5. The fluorescence bands observed in this
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FIG. 4 Partial energy level diagram for the different crystal field sites in
Nd:BMAG at 10 K. Site labels appear on the bottom.

spectrum are indicative of transitions from ions in the A type
sites, implying that energy is completely transferred to these
jons at room temperature. The energy transfer was investi-
gated by selectively exciting the ’P, ,, level of Nd* * ionsina
particular site and monitoring the fluorescence in the
*F,,, —*l,,,, transition region from all other sites.

Sites D5 and C4 were selectively excited at various tem-
peratures and the fluorescence spectra recorded are shown
in Figs. 6(a) and 6(b). The peak at 1078 nm in Fig. 6(a) is
associated with emission from ions in site DS while the peak
at 1054 nm is associated with site A2. These peaks corre-
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FIG. 5. Fluorescence at room temperature of Nd:BMAG for transitions
hetween the ‘F,,, and ‘], , manifolds.
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FIG. 6. Temperature dependence of the fluorescence for (a) site DS and
(b) site C4 pumping in Nd:BMAG. Each spectra has been normalized, and
was recorded at a defay of 200 us after the excitation pulse.

spond to the transition between the lowest crystal field levels
of the *F,,, and *I,,,, multiplets. The results show the inten-
sity of the line from site A2 growing at the expense of the line
fromssite D5 as the temperature is increased. Thus, energy is
being transferred from sensitizer ions in DS to activator ions
in A2 sites and the transfer process is thermally activated.
Fluorescence spectra were recorded at delay times rang-
ing from 10 us to | ms after the excitation pulse but no time
dependence of the relative line strengths could be observed at
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any temperature. This leads to the conclusion that the trans-
fer is completed prior to the *Fy,, emission.

Similar results were obtained for excitation of the C4
crystal field sites. The intensity of the emission peak at 1070
am for site C4 decreased as the temperature was increased
[Fig. 6(b)]. The energy was transferred to the same activa-
tor site A2 and again there was no time dependence of the
relative line strengths. Note that the transfer from site C4 is
thermally activated at a lower temperature than the transfer
from site DS5.

The temperature dependence of the energy transfer
arises as higher lying Stark components of a metastable state
become populated through a Boltzmann distribution. Ener-
gy is transferred due to the spectral overlap between the ther-
mally activated levels of the optically pumped ions, and lev-
els of the ions’in site A2. An exact resonance of the levels is
not required as some degree of mismatch can be compensat-
¢d by absorption or emission of lattice phonons.

A simple rate equation model can be used to qualitative-
ly explain the observed results. Figure 7 depicts the energy
levels involved in the dynamical processes taking place. The
sensitizer S, is the ion that 1s optically pumped (site C4 or
D5) and the activator, A, is the ion in the site to which energy
is transferred (site A2). The population of ions in the ith
level of the sensitizers and activators is designated by S, or
A,, respectively.

The population of the metastable state .S, involves ab-
sorption of excitation laser photons from */,,, to *P, ,, and
then rapid nonradiative relaxation from *P,,, to S,. There-
fore, the rate of population of S, is effectively W, the optical
pumping rate. ¥, and W, are the rates of population loss
from the metastable levels S, and 4,, and B, and B, are
nonradiative transition rates between the two Stark compo-
nents of the sensitizer multiplet involved in the transfer.
These Stark components are separated by an energy gap of
AE,. Energy transter between ions occurs through the spec-
tral overlap of the activator level 4, and the sensitizer level
S, that is thermally activated. Any energy mismatch
between the levels can be compensated by lattice phonons
and the transfer will still activate with the Stark splitting

— 34
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F1G 7 Model used 1o explain the temperature dependent enerpy transter
observed in Nd:BMAG
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AE,. The transfer is described by a forward rate, ¥, (from
sensitizer to activator), and a back transfer rate, W,, (from
activator to sensitizer).

The observed ratio of the fluorescence intensities of the
sensitizer and activator emission is proportional to the ratio
of level populations,

1,
7—=ﬂ(A2/S'2) (1

5

where the proportionality factor 8 includes parameters
compensating for possible differences in the radiative decay
rates of the fluorescing levels of the sensitizer and activator
ions. The ratio 4, /S, can be obtained from the rate equation
describing the population dynamics of level .S;.

SJ =B,S, + W4, —B,S, — W,S,. (2)

At thermal equilibrium,

al (= AE/KT) = 2o (3

— =exp( — 7)) =—.

s, P : B,

Since no time dependence of the energy transfer was ob-
served, steady state conditions can be applied and §, = 0.
Using this assumption Eq. (2) can be solved for the ratio
A,/5, obtaining

L 15 W (— AE./kT) (4)

— = exp( — AE /&

I, W, P
for the ratio of the fluorescence intensities.

Figure 8 shows the natural log of the ratio of the inte-
grated fluorescence intensity of activator and sensitizer as a
function of inverse temperature for C4 and D5 site pumping.
The results obtained by fitting Eq. (4) to the data are shown
as solid lines in Fig. 8 and the parameters obtained from
these fits are given in Table I1I. AE, is the activation energy
determined by the slope of the linear fit to the data in Fig. 8
and the intercept is associated with the constant
B( ;Vw/”/al )'

With the available data, identification of the metastable
sensitizer level involved in the transfer is not conclusive but
the most probable candidate is the *F,,, level. The energy
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FIG 8 Temperature dependence of the Quorescence intensity ratios for A2
activators with C4 or D5 sensitizers.
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TABDLE 1. Experimental energy transfer parameters for the sensitizers C4
and DS.

W
Sensitizer AE, B—-;V"'— AE,...
C4 278 + 3cm ! 38 4+ 18 iSlem-!
D5 338 4+ Stem ! 9+4 39cm™!

difference between the lowest Stark component of this multi-
plet for the activator site, A2, and the sensitizers, C4 and D35,
is given in Table IT as AE,,,,,. For the D5 — A2 transfer there
is a reasonable agreement between the activator energy re-
quired for energy transfer and the site-to-site energy differ-
ence, AE,,,,, of the *F; , level. The difference between AE,
and AE,,,, for the C4— A2 transfer indicates that phonons
with energy of 120 cm ~' would be released in this transfer
process.

1V. LASER-PUMPED LASER STUDIES

Laser action was obtained at room temperature in
Nd:BMAG using an alexandrite laser as the excitation
source. The alexandrite laser output was tunable from 725 to
790 nm and consisted of a series of puises of duration 300 ns
within a 60 us envelope. The maximum power at the peak of
the gain curve was 20 W at a repetition rate of 20 Hz and the
spectral width was approximately | nm.

The crystal was mounted in a 23-cm long cavity consist-
ing of a 50 ¢cm radius of curvature high reflector and a flat
85% reflective output coupler. Transverse pumping was em-
ployed (ELc) with cylindrical and convex lenses used to fo-
cus the pump laser beam in a line the length (0.56 cm) of the
Nd:BMAG sample. An iris was positioned in the cavity to
limit the number of oscillating modes. The power incident
on the Nd:BMAG crystal and the power output from the
Nd:BMAG laser were measured with two calibrated power
meters. The Fresnel reflections and absorption within the
cavity mode volume of the material were considered when
calculating the power absorbed by the crystai.

Figure 9 shows the absorption spectrum in the pumping
region used in these experiments. The spectral structure is
associated with absorptions,transitions terminating on the
various Stark components of the *F,,, and *S,,, manifolds.
For all the excitation wavelengths used, Nd:BMAG lased at
a wavelength of 1054 nm. As discussed in the previous sec-
tions this wavelength corresponds to the “F,,, (R,) —
*I,,,, (Y,) transition of the A2 site in Nd:BMAG. Lasing
was observed for pump wavelengths from 736.7 to 758.8 nm,
which covers most of the absorption spectrum shown in Fig.
9. Lasing could not be obtained [or excitation wavelengths
shorter than 736.7 nm because the gain curve of the alexan
drite laser limited the available pump power.

The laser power output of Nd:BMAG at 1054 nm was
monitored as a function of the incitdent pump power for sev-
eral excitation wavelengths and the results were used to de-
termine the laser threshold and slope efficiency. Figure 10
shows the data obtained in this work. Above absorbed power
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levels of 150 mW the Nd:BMAG laser power output levels
off due to saturation of absorption in the laser mode volume
(waist diameter, d = 0.069 c¢cm). The threshold for lasing
varies only a small amount with changes in pump wave-
length but there are significant changes observed in the slope
efficiency. Pumping at 749.5 nm results in the highest slope
efficiency (22%) and the lowest power threshold.

Blue and green fluorescence was apparent to the eye for
alexandrite pumping of Nd:BMAG. As observed vy eye, the
intensity of this fluorescence did not significantly change
when the sample was lasing. Moreover, the fluorescence
showed changes with excitation wavelength suggesting ex-
cited state absorption of pump laser photons may be occur-
ring. For excitation between 729 and 752 nm the fluores-
cence appeared as an intense blue and then a weaker green as
the alexandrite laser was tuned to longer wavelengths. The
pump wavelength yielding the highest laser slope efficiency
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FI1G. 10. Laser output power at {054 nin vs the cafculated absorbed pump
power in the made volume of the cavity for different pump wavelengths.
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(749.5 nm) also was associated with a minimal amount of
upconverted emission. This suggests that the processes pro-
ducing upconverted emission may be limiting the efficiency
of the Nd:BMAG laser at some pump wavelengths.

Excited state absorption (ESA)) of pump photons is pos-
sible when the pump wavelength is tuned to the transition
energy between any populated excited level and a higher lev-
el. Additionally, the incident pump photon rate must be
comparable to the decay rate of the initial excited level. Be-
cause of the high energy and short duration of the spiked
alexandrite laser pulses, this condition may be satisfied for
some of the intermediate levels of the Nd* * ion. An efficient
ESA process also requires a resonance for absorption from
the ground state. Excitation frequencies that exactly match
both resonance conditions may not be possible but transi-
tions involving vibronic levels will extend the range of wave-
lengths available for ESA.

The fluorescence in the blue-green spectral region was
recorded for three alexandrite excitation wavelengths and
the results are shown in Fig. 1 1. The spectra are corrected for
both detector and filter response and each spectrum was nor-
malized to the highest peak in the scan range. The absolute
intensity for the 738.6 nm excitation is at least an order of
magnitude greater than for the 743.2 and 753.6 nm excita-
tions. Using the room-temperature energy levels for
Nd:BMAG it was possible to determine the origin of the
upconverted transitions observed in these spectra and this is
shown in Fig. 12 with respect to the energy level diagram.

The most probable excited level for ESA is the metasta-
ble *F,,, state due to its long lifetime. However, for alexan-
drite pumping of Nd:BMAG there are no terminating levels
within the pump wavelength range and it is concluded that
this level is not involived in the processes occurring. Addi-
tionally, there were no significant changes in the intensity of
the upconverted emission when the crystal was lasing which
would be expected if this state was involved. The transition
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FIG. 1L Room-temperature Muorescence of Nd:BMAG observed for dif-
ferent excitation wavelengths of the alexandrite laser.
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*F,,, —=*G,,, labeled transition 2 in Fig. 12, is a close match
to the wavelength of the lasing photons at 1054 nm. This
ESA transition will be present for all pump laser wave-
lengths and is not responsible for the pump wavelength de-
pendent effects observed here.

The excitation wavelengths 743.2 and 738.6 nm produc-
ing blue fluorescence are a good match to the ESA transi-
tions *F,, =*P,,, and *F,,,—*D,,,, respectively. These
processes, indicated by transitions 3 and 4 in Fig. 12, de-
crease the number of ions reaching the upper laser levei *#, ,
and thus reduce the efficiency of the laser. The two levels
taking part, *F;,, and *F,,,, are known to have very fast
decay rates and ESA effects may only be associated with the
high energy, fast pulse excitation of alexandrite laser pump-
ing. Also, cross-relaxation between Nd* * ion pairs may en-
hance ESA effects by changing the single-ion decay rates
from these levels. Models describing ESA of pump photoas
have been discussed recently by Kliewer and Powell” and
Petrin ef al.'® The nonlinear, coupled differential equations
describing the level populations were solved numerically.
The results show that excited state absorption of pump pho-
tons can decrease the slope efficiency but the model docs not
yet describe the full extent of the effect.

V.SUMMARY AND CONCLUSIONS

The results obtained in this work show that Nd* ' ions
occupy several different crystal field sites in BMAG crystals,
This produces large inhomogeneous broadening of the spec-
tral transittons which influences the cross sections involved
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in optical pumping and laser emission. Efficient energy
transfer was observed at room temperature between ions in
the different types of sites. The fluorescence observed at
room temperature occurs {rom ions in one type of site indi-
cating that energy transfer can be used to enhance laser
pumping. The mechanism for energy transfer was not deter-
mined since this depends critically on the concentration of
ions in the different types of sites. The efficiency of the ener-
gy transfer suggests that the sensitizer-activator separations
are lcss than would be expected if the ions were distributed
uniformly between the sites. Thus, it is highly probable that
the ions are not uniformly distributed but are preferentially
distributed in pairs or larger groups.

Strong blue and green fluorescence was observed when
the Nd* * ions were excited with an alexandrite laser. This
upconverted emission was pump wavelength dependent and
was attributed to excited state absorption processes. The las-
ing thresholds and slope efficiencies were determined for
Nd:BMAG at several excitation wavelengths. The lasing
slope efficiency was found to be reduced at the pumping
wavelengths associated with excited state absorption. A
pump wavelength was identified that minimized this type of
loss mechanism.
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Nd**:Ba1ZnGe;0; (BZAG) is an attractive material to be pumped by laser diodes because its fluorescence
lifetime is 305 psec and it has a broad absorption centered at 806 nm. In addition, Nd3':BZAG has a broad
fluorescence spectrum and offers the potential for tunable laser output wavelengths centered at 1.05 and
1.34 um. Time-resolved, site-selection spectroscopy measurements revealed ten different crystal-field sites for
Nd** in BZAG, but strong energy transfer batween nonequivalent ions at room temperature results in emission
from only one major site. Diode-array side pumping of 5-mm-diameter rode produced optical slope efficiencies
of 22.8%. Crystal structure, Judd-Ofelt analysis, and lager performance are discussed.

INTRODUCTION

For many years, Nd** doped in YsAl;O; (YAG) has been
the most common solid-state flash-lamp-pumped laser
owing to its high stimulated-emission cross section, ther-
mal conductivity, and mechanical strength. In the search
for improved laser materials, many materials have been
studied that possess theoretically better @-switch proper-
ties than Nd®*:YAG.' Unfortunately, many of these ma-
terials were generally unable ta tolerate the thermal
stress produced by the UV radiation that is present with
flash-lamp pumping.? Today, with efficient and long-lived
GaAlAs diodes operating at ideal pump wavelengths for
Nd** (*Fg2 *Hyp levels) in the near IR, it is possible to
congider hoat materials with less stringent thermome-
chanical requirements than Nd®*:YAG has. Desirable
properties for a diode-pumped @-switched laser material
include a longer fluorescence lifetime and a broader ab-
sorption band compared with Nd":YAG. A long fluores-
cence lifetime would increase the storage capacity of the
material and reduce the number of diodes needed to pro-
duce a given output energy. A broader absorption band
would permit a greater wavelength tolerance for an array,
thereby reducing system cost.

Flash-lamp-pumped laser action of Nd**:Ba;ZnGe,0
(BZAG) was demonstrated by the U.S. Army Night Vision
Laboratory in 1972 BZAG possesses the akermanite
(melilite) structure and congruently melts at 1320°C,
which allows these crystala to be grown by the Czochralski

0740-3224/90/071190-08$02.00

method.* The salient conclusions of the Night Vision
study were that Nd**:BZAG is a medium-gain laser ma-
terial, with a stimulated-emission cross section, a fluo-
rescence linewidth, and thermomechanical properties
intermediate between those of YAG and most glasses.®
Nd**: BZAG possesses a longer fluorescence lifetime than
Nd**: YAG and exhibits a broader absorption and fluores-
cence spectrum than those of Nd®*-doped YAG, YAIO,,
and YLiF,.! In this study we report the results of x-ray
diffraction, detailed spectroscopic analysis, and the lasing
properties of Nd-doped BZAG under diode-array, alexan-
drite, and dye-laser pumping.

EXPERIMENTAL RESULTS AND DISCUSSION

Crystal Growth and Elemental Analysis

The BZAG crystals used in this study were grown in the
late 1960’s by A. Linz (Massachusetts Institute of Tech-
nology), who used the top-seeded solution technique with
a nominal 2 mol % Nd** added to the meit. These sam-
ples are the same as those used by Horowitz et al.? in the
previous study of this laser host. A spectroscopic sample
was analyzed for elemental composition by Galbraith Labo-
ratories, Knoxville, Tennessee. Analysis of the sample
gave the following results (in weight percent): Nd, 0.14;
Ba, 45.82; Zn, 10.74; Ge, 23.61; K, <0.010, and Na, <0.010.
The corresponding Nd density was determined to be
2.9 x 107" cm?.

© 1990 Optical Society of America
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Table 1. Summary of Single-Crystal X-Ray
Diffraction Results for Ba;ZnGe,0;°
Atom x ¥ z Uleq)
Ba 0.1651(1) -0.3349(1) 0.4927(2) 28(1)
Zn 0.00000 .00000 0.00000 26(1)
Ge 0.3591(2) -0.1409(2) 0.0383(5) 25(1)
o 0.0826(16) 0.1873(14) 0.8105(22) 41(4)
0i2) ~0.1393(16) -0.3607(16) 0.2717(35) 48(6)
O 0.00000 0.50000 0.8404(40) 26(4)

'All 281 reflections were considered observed on the basis that Fy >
bl)u(Fu) A full-matrix least-squares refinement minimized Z.(|F} -
IFD:, w = o¥(Fy) + 0.0066F For all reflections, refinement converged
to R = 004965, u.R = 00721, S =102, and (A/0)nas = 0.013. Atomic
coordinates (x10') are equivalent isotropic displacement parametera (A x
10’) are listed below

*Equivalent isotropic (/ defined ns one third of the trace of the
orthogonalized U, tensor.  Parenthetical values are estimated standard
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Fig. 1. Crystal structure and unit cell of Ba;ZnGe;0- (akerman-
ite). T'he ¢ axis is vertical.

X-Ray Diffraction

The crystal structure analysis was performed at 22°C,
on a 0.25-mm-diameter ground sphere with an automated
Nicolet R3m/V diffractometer equipped with an incident-
beam graphite monochromator and Mo K-« radiation
(A = 0.71073 A). A least-squares refinement of 20 cen-
tered reflections within 10.0° < 20 < 27.5° yielded the
lattice parameters a = 8.347(2) A and ¢ = 5.554(3) A,
within reasonable agreement with the published values
of Sirazhiddinov et al.® X-ray structure investigations
showed that Nd:BZAG has tetragonal symmetry with a
space group P42,m (No. 113), with Z = Intensity data
were collected in the 20 mode (3.5° to 45.0°), with variable
scan rates from 3.9 to 14.6° min~'. The two standard re-
flections, measured for every 50 reflections, showed no
significant change during data collection (<1%). The
2114 measured reflections had Miller indices of -8 s h <
6, -6 < k < 8, and -6 s ! s 8. Equivalent reflections
were averaged to give 281 unique reflections, R, =
7.49%. The structure was solved and refined by direct
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methods with the Nicolet computer routine SHELXTL pLUS
(MicroVax II). The atomic positions of the various ions in
the unit cell are given in Table 1.

Figure 1 shows the BZAG unit cell. Four equivalent
Ba ions occupy distorted square O antiprisms in the unit
cell. Ge ions reside in distorted tetrahedra linked at one
corner to form double Ge,O; oriented upward and down-
ward relative to the optic axis.® Both the Ba®* and the
Ge'* sites possess C, symmetry. Nd®' ions substitute
with charge compensation at the large Ba®* site. Since
the Zn"" site (S,) lacks inversion symmetry, it may be
doped with large-osciilator-strength divalent transition
metals, with the potential of creating a tunable vibronic
laser material.

Absorption and Refractive-Index Measurements

The absorption spectra were recorded with a Perkin-
Elmer Lambda 9 spectrometer equipped with the polar-
izer attachment and the 7500 computer. Figures 2 and 3
are the polarized absorption spectra of }Md®*:BZAG be-
tween 300 and 1000 nm at room temperature. For most
wavelengths, the absorption coefficient for light having its
E vector normal to the ¢ axis (E,) is greater than that for
radiation with £ parallel to the ¢ axis (E,). These obser-
vations are consistent with results for an analogous mate-
rial, Nd%*:Ba,MgGe,0,."® The absorption cross section
at the peak of the 2Fy, transition at 806 nm is five times
higher for E, than for E,. Another salient feature of the
spectra is the inhomogeneous broadening occurring in
Nd®*:BZAG, which produces absorption linewidths inter-
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Fig. 2. Absorption spectrum of Nd*':BZAG at room tempera.
ture wnth E perpendicular to C. The Nd concentration is 2.9 x
10"
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Fig. 3. Absorption spectrum of Nd**:BZAG at room tempera.
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Table 2. Indices of Refraction of Nd*':BZAG

Wavelength Ny no
632.8 1.760 1.747
611.9 1.767 1.752
594.1 1.764 1.752
543.0 1.764 -
514.5 1.776 1.762
501.7 1.772 1.762
496.5 1.775 1.762
488.0 1.773 1.756
476.5 1.781 1.762
4579 1.790 1.777
441.6 1.796 1.756

Sellmeier Coefficients
A 2.012 2.000
B (um?) 0.01662 0.01168

mediate between those of YAG and glasses. This is due
primarily to the distortion of the crystal field around the
Nd** ions caused by charge compensation. Since no
monovalent ions were detected in the sample, the substitu-
tion of Nd** for Ba®* requires the use of interstitial anions
or cation vacancies for charge compensation.®

The refractive indices, n,,, of Nd:BZAG were mea-
sured by the method of minimum deviation. A polished
prism was fabricated with an angle of 30°59' perpendicu-
lar to the optic axis. He-Ne, He-Cd, and Ar-ion lasers
provided polarized monochromatic light from 442 to
632 nm. The measured refractive indicies are tabulated
in Table 2. These experimental data were least-squares
fitted to Sellmeier’s dispersion equations, yielding

2.012%
2 = ’
e =t 001662 @
2
Lt 4 20002 )

AZ — 001168 pm?

Nd?*:BZAG Fluorescence

The fluorescence spectrum of the ‘F;; metastable state in
Nd3*: BZAG was recorded with a Spex F222 spectrometer
equipped with a liquid-N;-cooled Ge or room-temperature
Si detector. Figures 4-6 show the polarized fluorescence
spectra in the region of the ‘Fyg — *Io2, *Fa — ‘I112, and
‘Fi2 = ‘I3 transitions and were corrected for detector
response, grating efficiepncy, and polarization effects.
The fluorescence spectra for transitions terminating to
‘I4; were not corrected for reabsorption. In all cases, the
fluorescence intensity is stronger for E, than for E,.
These spectra are different from those published, and the
differences are attributed to the lack of correction factors
in the previous study.® The broad nature of these fluores-
cence curves shows the potential for continuously tunable
laser output, which is not obtainable in Nd**: YAG.

In addition to the typical emission from Nd**, fluores-
cence was also seen at higher energies. Fluorescence and
excitation spectra were recorded in this spectral region
with the Perkin-Elmer MPF-66 fluorescence spectropho-
tometer. Figure 7 shows the room-temperature fluores-
cence spectrum of a band at 805 nm that is characteristic
of emission from the ‘Fy,, *Hy2 manifold to *l4.. It should

Allik et al.

be noted that the fluorescence spectrum has not been
corrected for the wavelength response of the R928 photo-
multiplier used. Detection of the fluorescence with a
750-nm blazed grating and an RCA 7102 (S-1) photomulti-
plier, and thus with nearly constant sensitivity between
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Fig. 4. Fluorescence spectrum at room temperature of the
‘Fyz — ‘Iyz transition.
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Fig. 5. Fluorescence spectrum at room temperature of the
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Fig. 6. Fluorescence spectrum at room temperature of the
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Fig. 7. The excitation and fluorescence spectra of Nd**:BZAG
showing the emission from the ‘Fys, *Hy; manifold. For the
emission spectrum the excitation wavelength was 587 nm and
the resolution of the emission monochromator was 2 nm. For the
excitation spectrum the emission wavelength was 804 nm, both
monochromators had a 5-nm resolution, and the spectrum was
corrected to 600 nm with a quantum counter.

800 and 900 nm, showed the *‘Fe». 2Hy, emission to be
weaker than the ‘F32 by upproximately a factor ot 50 at
room temperature. The room-temperature fluorescence
lifetime at 800 nm when frequency-doubled Nd3*: YAG ex-
citation is used is equal to that of the ‘Fy, state to within
experimental error. Given the rather small energy gap
(~1000 cm™") between the *‘Fyq, *Hg2 and ‘Fi» manifolds,
we conclude that these manifolds reach thermal equilib-

rium in a time scale shorter than the room-temperature.

fluorescence lifetime. In view of the weakness of the
‘Fy2, *Hypy fluorescence relative to that from *Fy,, this
higher-energy manifold fluorescence should have a mini-
mal effect on laser performance.

Figure 7 also shows the excitation spectrum of the ger-
manium oxide fluorescence, which clearly agrees with the
absorption spectra except for the absence of the strong UV
absorption edge near 320 nm with a tail extending into
the visible region.

Figure 8 shows the room-temperature fluorescence and
excitation spectra in the UV/visible region. These spec-
tra are characteristic of the host (presumably from a
germanium oxide center)'® and not of Nd** (4f%) states.
This broad fluorescence can also be excited by the doubled
Nd**:YAG laser (532 nm). With this pump source the
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fluorescence lifetime was observed to be shorter than
50 nsec.

Site-Selection Spectroscopy and Energy Transfer
With dye-laser excitation we were able to excite Nd ions
selectively in specific crystal-field sites. Absorption and
fluorescence spectra below 35 K were significantly nar-
row, enabling us to determine the energy-level positions of
the Nd®* ions. An excitation spectrum was generated by
using Coumarin 440 dye pumping in the region of the P, ,
energy level since it is nondegenerate with respect to the
electric field (it has only one Stark component) and is rela-
tively isolated from other energy levels. The laser pro-
vided pulses of less than 10-nsec duration and less than
0.5-A FWHM. The excitation spectrum of Nd®*:BZAG
appears in Fig. 9, which shows five crystal field sites (la-
beled A through E), with the majority of Nd** occupying
A sites. These sites are due to dramatically different
crystal-field interactions with Nd3*. Three of these sites
are found to be composed of distinct subsites (A,-A4, D, 5,
and E, ;) for a total of ten crystal-field sites. These tran-
sitions are attributable to weaker crystal-field variations
and exhibit changes in wavelengths and intensities (con-
centrations) resulting from Nd®* ions’ residing in the Ba®*
site with different nearest neighbors.

Low-temperature fluorescence spectra indicate that the

Excitation

Intensity {(Arb. Units)

T
250 300 350 400 450
Wavelength (nm)

1.0

—

Emission

Intensity {Arh. Units)
T 7 T

400 450 500 550 600 650 700 750 80O

Wavelength (nm)

Fig. 8. Excitation and fluorescence spectra at room temperature
of the host. For the emission spectrum the excitation wavelength
was 220 nm and the resolution of the emission monochromator
was 2 nm. For the excitation spectrum the emission wavelength
was 500 nm, and the spectrum has been corrected with a quan-
tum counter.
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Fig. 9. Excitation spectrum at 35 K in the region of the Hag —

3p,, transition. The excitation peaks correspond to different
crystal-field sites.

most intense transition from ‘Fy; to ‘I, is site dependent
and ranges from 1052.5 nm for A, to 1078.0 nm for D,.
The Stark levels for *Iy,, ‘1112, the lower state of ‘Fp, and
2P, have been spectroscopically determined for sites A,,
B, C, D,, and D, and appear in Fig. 10. Line overlap of
the various subsites is responsible for the multisite fluo-
rescence observed at low temperatures and inhibits the
clear identification of the Stark levels of all sites. Room-
temperature fluorescence at different excitation wave-
lengths exhibits only type A fluorescence, which implies
rapid energy transfer and an enhancement in laser pump-
ing. In Nd®':Ba,MgGe;0; the energy transfer is ther-
mally activated and occurs on a time scale much faster
than 10 usec.?

The low-temperature fluorescence lifetimes of ‘F,, for
the various sites also appear in Fig. 10. The fluores-
cent lifetime of the A site was measured between 10 and
350 K and was temperature independent for this sample
concentration.

Branching Ratios and Radiative Lifetimes of Nd**:BZAG
The branching ratios and radiative lifetimes of ‘Fy, — ‘I,
(J = 9/2, 11/2, 13/2, 15/2) for Nd** in BZAG were deter-
mined by direct application of the Judd-Ofeit theory.'*'?
Judd-Ofelt analysis has been performed with a high
degree of accuracy to determine Nd** laser parameters.
Numerous authors have described the data-reduction
procedures for isotropic materials, and the procedures will
not be given here."*'* The measured polarized absorbances
were averaged spatially by the method of Lomheim
and DeShazer'® since the absorption coefficient for
Nd®*:BZAG varies dramatically with the polarization of
the incident light. The spatially averaged integrated ab-
sorbance, [} is

= -(L) L \ In{1/3 exp[—a.(A)L] + 2/3

x exp[—a{A)L]}dA, 3)

Alhk et ul.

where L is the sample length and a(A) is the absorption
coefficient. To determine T, the 7 and & transmittance
spectra (with the Fresnel loss removed) were merged to-
gether and integrated as given by Eq. (3). The absorb-
ances were converted to line strengths, S, by using
Eq. (4):

_ 3ch(2J + 1) 9n —
Sases = 8mieAp [(n2 + 2)’]“ )

where 1 is the mean wavelength of the band, J = 9/2 is the
angular momentum of the ground ‘I3; manifold, and p is
the Nd®* concentration (2.9 x 10' cm™®). Values for the
index of refraction were taken from Sellmeier's dispersion
equations (1) and (2) and were averaged in the same man-
ner as the integrated absorbances. Table 3 shows the
spatially averaged absorbances and line strengths for nine
absorption bands. A least-squares fitting of S.u. to Speu
yields values for the Judd-Ofelt parameters of {13 (4. The
radiative lifetime and the branching ratios of the ‘Fy;
state along with ), ,¢ are given in Table 4.

It is worthwhile pointing out two prominent features
from this analysis. First, the branching ratio to ‘I, is sig-
nificantly larger in Nd**:BZAG (41%) than in Nd*': YAG
{~30%),! which enhances the stimulated-emission cross
section down to the ground-state manifold. This fea-
ture has been observed in another melilite crystal,
Nd**:SrGdGa;0,,'® and is desirable for generating 0.9-um
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Table 3. Spatially Averaged Absorbances and Line Strengths (Measured and Calculated) for Nd**:BZAG

Excited J Manifold A (nm) T (nm/cm) Shmeas’ Seaic” a8y
‘Fin 877 3.910 0.83 1.12 0.0841
Fun, *Hyn 804 14.434 3.34 3.20 0.0196
Fia, 'Shy 746 11.642 2.90 3.03 0.0169
‘Faz 685 1.029 0.28 0.21 0.0049
M 627 0.110 0.03 0.06 0.0009
‘Gum, 101 585 18.019 5.69 5.70 0.0001
K aa, ‘G, ‘Gan 529 5.223 1.82 1.62 0.0400
w2, ‘Gaz Dan, *Cuin 467 1.132 0.44 0.34 0.0100
Py 431 0.279 0.12 0.16 0.0016

10 * cm?; rma line strength, 2.50 x 107%° ¢cm? ASme = 0.17 x 107% cm? rms error, 6.8%.

Table 4. Judd-Ofelt Parameters and Predicted
Optical Properties of Nd** in BZAG

0, =322 x 107 cm?
0, = 3.86 x 10 em®
1y = 4.31 x 107 cm?

Judd-Ofeit parameters

‘Fy2 Radiative lifetime 280 usec
Branching ratios
‘Fig — ‘lsn 41.1%
‘Fin = ‘Tan 49.1%
‘an — ‘Ilm 94%
‘F)n — ‘Ilyz 0.4%

radiation from Nd*'-doped laser materials. Second, the
radiative lifetime of the ‘Fy, state has been calculated to
be 280 usec and is within experimental error of the fluo-
rescence lifetime of the majority A site. This implies that
the quantum efficiency of the ‘F, state of Nd**:BZAG,
N¢ = T//1,, i8 near unity.

Laser Measurements

Room-temperature laser action was achieved in
Nd**:BZAG at 1.054 zm in both the side-and end-pump
geometries with three different laser sources. In the
gide-pump configuration the pump source was a lager-
diode array operating at 806 nm that was close-coupled to
the rod; it was described in a previous publication.”” The
end-pump sources were an Allied Technologies MS500
alexandrite laser (1.6 W) operating at 766 nm and a 1-W
Coherent 699-29 Rhodamine 6G dye laser operating near
590 nm. For alexandrite end pumping, the alexandrite
laser was collimated to a 5-mm diameter and operated
long pulse (100 usec) at 4 Hz. The cw dye laser was
focused into the rod with a 3-cm focal-length lens and
chepped at a 50% duty cycle to prevent damage to the coat-
ings. Pulsed output energy was measured with Laser

Precision RjP-734(6) pyroelectric joulemeters, and the
temporal output was monitored with a Si photodiode. A
Lexel Model 504 power meter was used to measure the
dye-laser pump power.

The laser rods were fabricated from a 5-mm-diameter x
27-mm-long sample with the ¢ axis nearly perpendicu-
lar to the rod faces. The optical quality of the material
was excellent, and the optical finishes showed no water
absorption damage after more than 15 years of storage.
An interferogram of this stock material produced a peak-
to-valley distortion of 0.156 wave, with a rms deviation of
0.027 wave at 632 nm. Two rods were fabricated to a
length of 11 mm and were broadband antireflection
coated at one end (centered at 1.05 um) and highly reflec-
tion coated on a 5-m convex radius of curvature on the
other. The barrel of the rod was polished and was antire-
flrction coated for the 806-nm pump wavelength on 240°
of the barrel for efficient side pumping. The rod was
mounted in a polished Cu block and was rotated to maxi-
mize absorption and laser performance at 1.06 um.

Table 5 summarizes the experimental results for these
three pump wavelengths. The optical slope efficiencies in
Table 5 for alexandrite pumping were normalized for ab-
sorbed power in the crystal since the coating was partially
reflective for the pump radiation. Figure 11 shows a
comparison between alexandrite end-pumped Nd®*.doped
BZAG and YAG made with the same cavity length and
output coupler. The slope efficiencies for Nd**: YAG
and Nd3*:BZAG were 53% and 16%, respectively. The
diode-array side-pumping performance for Nd**:BZAG.
appears in Fig. 12. The slope efficiency of 22.8% is signifi-
cantly less than Nd®*: YAG's value of 47.7% in this setup."’
The lower efficiency of Nd**:BZAG is attributabie to
higher resonator losses and to a reduced upper-state
efficiency'® compared with those of Nd*':YAG. The
round-trip Findlay-Clay losses for multimode operation of
Nd?*: BZAG were measured to be 4%, which are 33% higher

Table 5. Laser Performance of Nd**:BZAG (1064 nm) at Three Excitation Wavelengths
Cavity Outcoupler Slope
Pump Laser Pump Length Pulse Reflectivity Efficiency
Wavelength (nm) Geometry (cm) Duration (Radius of Curvature) (%)
Diode array (806) Transverse 10 300 usec 0.976 (64 cm) 228
Alexandrite (765) Longitudinal 15 100 usec 0.975 (67 cm) 16 .4
Rhodamine 6G (590) Longitudinal 3 cw 0.97 (6cm) 18.0
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Fig. 11. Laser performance of Nd*': YAG and Nd*': BZAG when
alexandrite laser end pumping is used.
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Fig. 12. Multimode laser output as a function of input energy for
a 5-mm-diameter, 11-mm-long Nd**: BZAG rod. The diode-array
pulse duration is 300 usec.

than those for Nd**:YAG." YAG doped at its typical Nd
concentration of 0.72 wt. % has a larger absorption coeffi-
cient than Nd**: BZAG used in this study (0.14 wt. %). In
addition, a larger-diameter (6.35-mm) rod of Nd®*:YAG
was used, enabling a larger portion of the input energy to
be absorbed.

The laser performance of Nd*':BZAG has been mea-
sured at three excitation wavelengths. Normalization for
the quantum defect for the three pump wavelengths in
Table 5 results in comparable quantum slope efficiencies
at 806 nm (30.0%) and 590 nm (32.2%) but is significantly
lower at 755 nm (22.9%). Pumping into the ‘Fys, ‘Sie
band with an alexandrite laser has been shown to cause
low lasing slope efficiencies owing to pump-wavelength-
dependent losses in Nd®*—doped BMAG.® Excited-state
absorption of the pump photons can excite Nd3* ions to
high-lying *Dj; and *Dy, states from initial levels above
‘Fis. This creates a loss mechanism in BMAG and possi-
bly may well do so in BZAG.

CONCLUSIONS

A spectroscopic analysis and laser study of Nd*':BZAG
has been performed. The broad absorption spectrum at
800 nm makes BZAG an attractive material to be pumped
by laser diodes. The 305-usec fluorescence lifetime is
beneficial for high-energy storage and efficient Q-switch

Allik et ul.

operation. The diode-array-pumped slope efficiency was
22.8%, which is less than the 47.7% value determined for
Nd**:YAG. This smaller efficiency is attributed to less
efficient pump coupling owing to the smaller-diameter
Nd?**:BZAG rod and higher scattering losses. Diode-
array-pump efficiency can be increased by improvement in
crystal quality, along with an increase in the Nd con-
centration or absorption path length and more efficient
pump coupling.
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ITT. SPECTROSCOPIC PROPERTIES OF
CHROMIUM—DOPED LASER CRYSTALS

The five manuscripts in this section document the results of
four-wave mixing studies of Cr3+-dopeu laser crystals. The first
paper describes results obtained on alexandrite. One important
aspect of this work is the theoretical development that was done
to understand the propertie— of four-wave mixing signals of ions
in solids. This has resulted in the characterization of long
range energy transfer among the chromium ions which can affect
the saturation properties of the material during optical pumping.
In addition, this work reports the identification of the
relaxation channel between the pump band and the metastable state
which has not been previously investigated.

Similar properties were studied in chromium-doped emerald,
several garnet crystals, and a glass ceramic host. The work on
emerald and the garnet hosts focused on characterizing the energy
migration and on the identification of ions in different 1local
crystal field sites. Laser-induced color centers were also
reported in the garnets. In the class ceramic host the
investigation focused on relaxation processes.

This work 1is a continuation of previous studies of cr3t
laser materials. The data base being established from this study
is providing information that can be used to predict the spectral

3* jons in other laser crystals. On important

properties Cr
observation from this work is that non-random distributions of
cr3t ions are present in most materials and play an important

role in determining spectral dynamics.
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Four-wave-mixing techniques were used to establish and probe population gratings of Cr** ions
in alexandrite crystals at temperatures between 10 and 300 K, The results were interpreted in terms
of the interaction of the laser radiation with a two-level atomic system, They provide information
about the characteristics of four-wave-mixing signals for this physical situation as well as being use-
ful in characterizing the properties of energy transfer and dephasing within the ensemble of Cr'+
ions. The patterns of the transient four-wave-mixing signals are consistent with a model based on
the pumping dynamics of ions in the mirror and inversion crystal-field sites. The variation of the
signal intensity with laser power is strongly affected by beam depletion. The characteristics of exci-
ton migration among Cr** ions in mirror sites were determined from the results of measuring the
variation of the signal decay rate with grating spacing. The temperature dependences of the ion-ion
interaction rate, the exciton-phonon scattering rate, and the diffusion coefficient were determined.
These are found to be essentially the same far pumping into the *T; and *E levels, but the effects of
scattering from a grating of ions in inversion sites is much stronger for ‘T, pumping. The dephas-
ing times for the atomic system were found from analyzing the variation of the signal intensity with
grating spacing. For pumping into the *T, level the dephasing is dominated by radiationless decay
processes. A model is presented for the decay channel that provides a theoretical explanation for
the decay process which is consistent with the measured temperature and frequency dependences of
the results as well as their variation with crystal-field strength. For pumping into the E level the
dephasing is dominated by dephasing processes associated with the inhomogeneous linewidth of the
transition.

1. INTRODUCTION the aluminum ions in the chrysoberyl lattice, one having
mirror symmetry and one with inversion symmetry. Ap-
proximately 78% of the Cr’* ions occupy mirror sites
and 22% occupy inversion sites.'® The optical spectro-
scopic properties of Cr’* ions in each type of site have
been reported previousiy.'' ~ 13

Previous LIG results on alexandrite demonstrated the
ability to establish gratings in either mirror or inversion-
site ions by pumping into the *T, levels of the ions in
these two types of sites.>® The gratings were found to be
dominated by the difference in the disg)ersion contribu-
tion to the refractive index when the Cr°* ions are in the

Four-wave mixing (FWM) can be used as a spectro-
scopic technique by establishing excited-state, spatial
population gratings in an ensemble of atoms or mole-
cules.'~* We have recently applied this laser-induced-
grating (L1G) spectroscopy method to the study of
dynamical processes in several Cr’*-doped laser crys-
tals.>=* The results have been useful in characterizing
the general properties of energy transfer, radiationless re-
laxation, and excited-statd absorption in these materials
under specific pumping conditions. The work reported

here extends this study on one particular material, alex-
andrite, in two ways: The first involves the development
of theoretical models to understand the properties of the
LIG signal for this specific type of physical situation: the
second involves additional investigations of energy
transfer and radiationless relaxation, including both the
use of different pumping conditions and the development
of more rigorous theoretical models, which resuits in a
more detaiied understanding of the characteristics of
these processes.

Alexandrite is an important, tunable, solid-state laser
material consisting of Cr’>* ions substituted for AP** ions
in a chrysoberyl host crystal, BeAl,0,.> The sample used
in this investigation contained 1.14% 10" em~* Cr’*
ions. There are two nonequivalent crystal field sites for

K}

excited state versus the ground state, with the contribu-
tion due to the difference in the ground- and excited-state
absorption cross sections consistent with the results of
direct excited-state absorption measurements.'* The
presence of exciton diffusion among the Cr’* ions in mir-
ror sites was observed below 150 K and the diffusion
coefficient was found to increase as temperature was
fowered. The dephasing times of the LIG signais were at-
tributed to radiationless relaxation processes occurring
after pumping into the ‘T, level and the rate of these pro-
cesses was found to be different with different local crys-
tal fields for the Cr’* ions. Although these results
demonstrated the general prouperties of laser-induced pop-
ulation gratings in alexandrite crystals, they left several
unanswered questions about the observed transient and

6227 © 1988 The American Physical Society
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equifibrium L1G signal characteristics and did not pro-
vide complete details of the exciton dynamics and radia-
tionless relaxation processes in this material. Some of
these questions are addressed in the following sections.
The detailed description of the LIG experimental setup
was reported previously.® The two excitation beams of
the same frequency were provided by either an argon-ion
laser ar an argon-ion-laser-pumped dye laser. A He-Ne
laser wias used for the probe beam. The dynamical
response of the LIG signal was monitored by using a
mechanical chopper to interrupt th: pump beams while
processing the signal beam with an EG&G Princeton Ap-

phed Research (PAR) signal averager. For measure-

ments of the steady-state L1G signal, the probe beam was
chopped and an EG&G PAR lock-in amplifier was uti-
lized 1o impreve the signal-to-noise ratio.

11, FQUILIBRIUM POWER DEPENDENCE
AND LIG SIGNAL TRANSIENTS

In order (o fully understand the characteristics of sig-
nals abserved in LIG spectroscopy involving population
gratings, (wa theoretical models are required. The first
involves the formalism describing the mixing of the four
clectromagnetic fields in the sample due to coupling
through the nonlinear complex refractive index of the
material. The second involves the formalism describing
the pumping dynamics of the atomic system interacting
with (he laser beams. The laser pump beams interact
with the atomic ensemble through a resonant electronic
transition, thus changing the popufation distribution of
atoms i dilferent electronic levels. Since the complex re-
fractive index of the system depends on the relative occu-
patien of the various energy levels, this pumping provides
the laser-induced modulation of the refractive index,
which gives the coupling mechanism for the electric
ficlds. The interference pattern of the two crossed laser
pump beams results in a sine-wave spatial distribution of
the excited-state population, and thus in a refractive in-
dex grating ol the same shape. The model for the non-
linear interaction of the laser beams with the atomic svs-
tem is essentially the same for all FWM applications.
This is important in describing LIG spectroscopy results
obtained under equilibrium pumping conditions such as
the power dependence of the signal strength as described
in this section and the dephasing time of the signal as de-
scribed in Sec. 1V, The additional model describing the
pumping dvnamics o/ the atomic system is required to ex-
plain tue taansient response of the LIG signal as de-
scribed in this section and to characterize the effects of
transient physical processes such as energy transfer or ra-
diationless relaxation as described in the following two
sections.

A. Equilibrium power dependence

The pump power dependence of the FWM scattering
efficiency i1s important in understanding the observed sig-
nals in LIG spectroscopy. The standard approach'>'® in
studying the dynamics of the transient grating formation
is to model the system explicitly using the nonlinear wave

equation which couples the electric fields through the
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nonlinear susceptibility of the material. This theoretical
approach to the FWM scattering efficiency predicts a
quadratic dependence on pump power for laser intensities
below the saturation intensity, / <I;. Recently this
theory was extended to apply to the geometrical situation
used here.'’ The system is modeled as an ensemble of
two-level atoms, and the fields are assumed to be plane
waves. This is only an approximation to the actual case
of focused Gaussian beams in a multilevel system, but the
results predicted from this model are useful in under-
standing the spectral and FWM dynamics. This model
and the model of Abrams and Lind'® start with the same
assumptions, but the theoretical development of the two
models differ. '

For a two-leve! system the polarization can be ex-
pressed as

PE,+AE)=e"""X(E,)
E}AE* + | Ey|(AE)
1x+ IEU ‘1

M ANE,+AE -

where
X(E)==2ay/K[i +8)/11 +8 + | E/E, | D) (2)

8 is the normalized detuning from line center, a, is the
line-center smalil-signal attenuation coeflicient, E, is the
saturation field, [, is the saturation intensity,
Ey=E,+Ey, and AE=E,+E.. E, and E, represent
the write beams, £, represents the probe beam, and £,
represents the signal beam. Assuming plane waves for all
of the fields and equal intensities for the write beams
{I,=1,), using the slowly varying envelope approxima-

tion, and solving the wave equation

3E ‘ IpNL
VZE+‘ET*,=—i,T“al2 , (3
c® ar- ¢ O
where
PV =XE (4)

leads to two coupled equations for the fields. Solving
these equations yields an expression for the scattering
efficiency given by’

(I /I 421 /1) exp[2apl /(1 +8%)]

(%2171~ 201 /T (secO— 1))
X lexpl =283 L) +expl —2&5 L sect)
—2exp[ — &g (1 +secOIL Jeos[&,(1—secOL ]},
(5)
where
§=g4p +i&,
P~y Lte2r71,=200/1,))
(6)

=y T =
TS [ 420 /12— /T )P

Equation (5) can be simphfied somewhat, if | &L | is
small and 0 is not very large, yielding"’
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nN=
! (1421 /1, P =41 /1, ]

For [ << I, this equation shows that the FWM scattering
efficiency depends quadratically upon the write-beam
power. In both equations 7 decreases with increasing 6.
Figure | shows the FWM relative scattering intensity
as a function of the laser pcwer in each of the write
beams for direct excitation of he 2 4 sublevel of the split
E state. The LIG was formed by crossing two laser
beams from an argon-ion-pumped jet dye laser using
DCM [4-(dicyanomethylene)-2-methyl-6-(p-dimethyl-
amino-styryl)-4H-pyran] dye tuned to 677.8 nm. Using
the measured lifetime, absorption cross section, and ab-
sorption wavelength for this transition (2.3 ms,
8.5x 1072 ¢m?, and 677.8 nm, respectively) the satura-
tion intensity is approximately 1500 W/cm?. The dashed
line in Fig 1 is the best fit to the data using Eq (7) with
I,=1500 W/cm? The theoretical curve has a slope of
two, while the data has a less-than-quadratic dependence
on write-beam power. The solid line in the figure is the
best fit to the data using the full scattering efficiency ex-
pression, Eq. (5}, with the same value for I,. The theoret-
ical fit to the data is quite good, showing a departure
from the quadratic power dependence at high powers.
The difference between the two expressions used to fit
the data in Fig. | is a result of the simplifying assumption
made in deriving Eq. (7) from Eq. (5). The assumption
made is that | L | is small. Since the absorption line ex-
cited is quite narrow (=1 cm') and the laser linewidth is
approximately of the same width (0.7 em™'), it can be as-
sumed that the imaginary part of § is zero since the nor-
malized detuning parameter is zero. & represents the
laser-induced change in the absorption coetficient. The
results presented above imply that the laser induced
change in the absorption coefficient is not negligible for
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FIG. 1. FWM relative scattering intensity of Cr’* ions in
murror sites in alexandnte as a tunction of the laser power of
each write beam for direct excitation of the 2.4 sublevel of the
'E state at SO K. The dashed and solid lines represent the
theoretical fits from Eqs. (7) und (5), respectively

[t+E&x L1 —sech)]. "N

these experimental conditions. This causes additional
beam depletion which is evident in the experimental re-
sults.

Experimental measurements of the power dependence
of the FWM signal pumping into the "'1'1 tevel of the mir-
ror sites have been done previously.“ A slight satura-
tion is evident in the data. This departure from quadratic
power. dependence is also a result of the laser-induced
change in the absorption coefficient and not a purely sat-
uration effect since the power of the write beams was
much less than the saturation intensity.

B. Transient LIG signal patterns

Transient FWM signals have many unique features
that distinguish them from steady-state FWM signals.
Abrams and Lind"® have studied steady-state FWM pro-
cesses theoretically, and Silberberg and Bar-Joseph'®
have extended their steady-state solutions to the treat-
ment of the transient FWM response of a saturable ab-
sorber. As mentioned earlier, the FWM signal in alexan-
drite crystals is a result of scattering of the probe beam
from a laser-induced grating that is predominantly
dispersive. Although the results of Abrams and Lind"
apply to absorption gratings, dispersion gratings, or a
mixed grating, the theoretical treatment of the time evo-
lution of the FWM signal in the presence of all three laser
beams has only been applied to pure absorption grat-
ings.'=% 1In this section the theoretical treatment of the
time evolution of the FWM signal is extended to the case
of a mixed grating, and the results are used to analyze the
transient LIG signal from Cc’t population gratings of
ions in both types of crystal-field sites in alexandrite.

Assuming a three-level atomic system, where the relax-
ation between the level directly excited and the metasta-
ble level is fast and the lifetime of the metastable level is
relatively long, the rate equation for the ground-state
population density is

dsg
dt

In Eq. (8) o is the absorption cross section, [ is the laser
intensity of each write beam of frequency w, S is the total
population of ions, and 7 is the lifetime of the metastable
level. This model adequately describes the dynamics of
Cr’* jons when the *T, level is pumped, followed by a
fast nonradiative decay to the *E level which has a relu-
tively long lifetime (2.3 ms at 12 K). The solution of Eq.
{8) assuming a step function for the laser intensity with
the initial condition that I (¢t =0)=01s

=—(ol/fw)sqg+(S —s¢) /T . (8)

solt) LI/ dexp — (e /70171 ))
s V4171,

, ()

where [, =(fAw/or) is the saturation ntensity. Tt is im-
portant to pote that the time development of the system
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depeads upon the saturation intensity and write-beam in-
tensity.

Following the treatment of Abrams and Lind"® in
which the four fields, two write beams, the probe beam,
and the signal beam, are assumed to be plane waves, and
the interaction between the fields takes place through the
complex susceptibility X the interaction is expressed in
terms of the wave equation, Eq. (3). The complex suscep-
tibility can be expressed in terms of the complex index of
refraction § =7 +i(a/2k) as

X=a =\—a/4ki+ilan /k), (10)

where k is the magnitude of the wave vector of the write
beams, i1 is the index of refraction, and a{t)=os(t) is the
time-dependent absorption coefficient. Using the non-
linear index of refraction

Aty=n+4s5,()(An) (n

where n is the normal index of refraction, and An is the

change in the index of refraction due to the presence of
J
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an ion in the excited state it is evident that hoth the real
and imaginary parts of the susceptibility and hence the
FWM interaction are time dependent. The expression for

the FWM scattering intensity is"’
n=|ksin(AL)|*/| AcostAL)+Ygsin(AL)|? (12)

where A=(|x|2=T%"2, L is the length of the sample,
Ty is the real part of Y, where

(13
(14)

Y()=(k /2iXX +L,PdX /dI)
k*(0)=1LkI,PdX /dI

and P=4(I/I)cos’d. O is the angle between the two
write beams. It is important to note that the FWM pro-
cess is a result of the term dX /dl, so that if X is indepen-
dent of I then there is no FWM signal generated. DBe-
cause only the real part of Y appears in the expression for
7, only the terms Y, Kg, and «; need to be calculated.
Using Eqgs. (10)-(14) the absorption and coupling
coefficients become

pl—t/r(1+P)]

YR(1)=—;- S{An)n+S[no+S(An)o) 1+Pex

1+P

+SP[no +S(an)e | H=t/rP U4 Plexp( —t/7(1+P)] 1

(14-P)
_antam 2t Pexp[ —t/r1+ P /(1 4+ P){1—t/7P (1 +Plexp] —t /r(1+P)]—1]

(15)

+SY2Am? —o? /2 LEPexpl = /1 P} /U 4 P)[1 =t /TP (1 + P Jexp —1/7(1 4 P)] — 1]

(1+P)?
(16)

(1+P)
_nX(An)e LLEPexp(—t/r(1+ P)])?
(14 P)?
k(0= 1kP S[—25(An) —2n(An) L= tTPU+ Plexpl —t/7(1+ P)] — |
(14 P
kpt)=—~1 S[n0+S(An)a]JL“‘/TP(1+P:]ICX[;E)—2—I/T(1+P)]—1
’ +

)
—25%(An) [l+Pexp[—t/r1+P)]} AP —t/TP(1+ P)]exp[ —t/r(1+P)]—1]

Equations (15)-(17) have contributions from an absorp-
tion grating, a dispersion grating, and a mixed grating.
Previous theoretical work'¥ =% has shown that for
small write-beam intensities the LI1G scattering efficiency
increases quadratically with pump intensity, but that it
saturates at higher intensities. In the steady state, the
maximum LIG signal is obtained for I approximately
equal to 7. *Towever, the transient LIG signal can be
much larger than the steady-state LIG signal. When
I < I, the LIG is predicted to increase monotonically to
its steady-state value, but when [ > I the transient LIG
signal peaks at short times at a value greater than the
steady-state LIG signal and then decays to the steady-

(1+ Py ] an
f

state value. The temporal behavior of the transient LIG
signal for the case of a mixed or purely dispersive grating
is similar to the case of a pure absorption grating.
Alexandrite is an ideal candidate for studying the
effects of saturation on the spectral dynamics. The pa-
rameter P directly aflects the time dependence of the L1G
signal, and P is a function of several LIG variables and
constants of the material including the lifetime of the ex-
cited state. The lifetime of the mirror-site ions ranges
from 2.3 ms to 290 us at temperatures of 12 to 300 K,
whereas the lifetime of the inversion sites ranges from 63
to 44 ms over the same temperature range.'"'? Another
method of varying P is by changing the period of the
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grating or the angle between the write beams. For these
reasons it is possible to vary the saturation intensity, and
hence the parameter P which appears in the expressions
for the absorption coefficient and coupling constants.

The transient LIG signal for the inversion-site ions
shows a transient peak which is dependent on several pa-
rameters. Figure 2 shows the normalized transient LIG
signal at 30 K for various powers of the write beams.
The data was normalized because it is very difficult to
determine the absolute scattering efficiency, and the
shape of the FWM transient is the only thing needed for
the theoretical fits. The solid line is the theoretical fit to
the data using Egs. (12) and (15)~(17) and treating o and
An as adjustable parameters. Figure 3 shows the transient
FWM signal for several temperatures and write beam
crossing angles at constant write beam laser power, along
with the theoretical fits. The theoretical fits accurately
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model the transient LIG signal as a function of tempera-
ture, crossing angle, and laser power, The temperature
dependence is a result of the temperature dependence of
the excited-state lifetime. The values obtained for o and
An from these fits are 0.5+0.1X10°%* cm’ and
2.0x 108 cm?, respectively. Using these values, the sat-
uration intensity is 900 W/cm?.

This value for the absorption cross section for the in-
version site ions at 488 nm is consistent with the upper
limit of 1.0x 10”2 c¢m? obtained from absorption mea-
surements.' " It is difficult to distinguish the
inversion-site absorption contribution from the mirror-
site absorption since the emission and absorption proper-
ties of alexandrite are dominated by the mirror-site ions.

In order to compare the laser-induced change in the in-
dex of refraction obtained here with the results of other
measurements,>® it is necessary to calculate the steady-
state value of An, denoted by Ang, and given by

Ang=An[SUI/I,)/(1+1/1,)] . (18)

For I=100 W/cm?, Ang equals 50X 107% This is an
order of magnitude smaller than the value obtained from
other measurements®3 of Ang, but all of the data are
consistent with the statement given earlier that the grat-
ings formed are dispersion gratings. It should be noted
that the steady-state value of the theoretical signal inten-
sity is smaller than the experimental value at large excita-
tion intensities. This contributes to the discrepancy in
the values of An.

The same type of measurements were repeated for the
mirror-site ions. The *T, level of the mirror site ions was
pumped by an argon-ion pumped dye laser with Rhodam-
ine 6G as a dye. The resuits of the measurements are
similar to the low-power measurements for the inversion
site ions. There is no transient peak formed, and the sig-
nal increases monotonically to its steady state value.
This can be understood, in contrast to the inversion site
results, as a result of two things. First, the laser output
from the ring dye laser was less than the maximum power
output of the argon-ion laser at 488 nm by a factor of 3.
Second, the saturation intensity for the mirror-site ions is
greater than the saturation intensity of the inversion-site
ions. This is a result of the difference in lifetimes and ab-
sorption cross sections. The saturation intensity for the
mirror-site ions is estimated to be approximately 1200
W/ecm? at 12 K and increases with temperature due to
the decrease in the lifettme with temperature. Therefore,
it is not surprising that no transient peak was observed in
the mirror-state LIG signal.

I, ENERGY TRANSFER

Laser-induced grating spectroscopy has been used to
characterize the properties of long-range energy migra-
tion among Cr'* ions in mirror and inversion sites in
alexandrite.>® The previous measurements were per-
formed using either an argon-ion laser or argon-ion-
pumped ring dye laser with Rhodamime 6G dye for the
pump beams. Both of these are resonant with the *T, ab-
sorption band of the mirror or inversion-site 1ons. These
LLIG measurements were extended in the work described
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FIG. }. Normalized transient LIG signal for Cr®* ions in inversion sites for several temperatures and write-beam crossing angles
at constant write-beam laser power, (a) T=300 K and 6=7.9°, (b} T=30 K and 8=10.2°, (c} T =300 K and 6=10.2°, and (d)
T =30 K and 0=6.3. The dashed lines represent the data and the solid lines represent the theoretical fits using Eq. (12).

here 1o the case of direct excitation into the 24 sublevel
of the *E state of the mirror-site ions. The population
grating in the 2F state was established by crossing two
laser beams from an argon-ion-pumped jet dye laser using
DCM dye tuned to 677.8 nm. In addition experiments
were performed using crossed laser beams from both the
argon-ion laser and argon-ion-pumped ring dye laser to
simultaneously establish gratings in both mirror and in-
version site ions in order to determine the effects of the
dual gratings on the L1G signals.

It was reported earls > that the FWM signal decay ki-
netics were nonexponential for excitation into the *T,
level of the mirror-site ions. The long-time portion of the
decay curves was found to approach the decay time ex-
pected for an inversion-site grating and was attributed to
an inversion-site grating formed as a result of weak
inversion-site absorption. In the data presented below for
direct excitation of the 1E level of the mirror-site ions no
long-time tail is evident.

In order to use LIG spectroscopy to study energy mi-
gration among Cr’* jons the grating decay rate is mea-
sured as a function of the grating spacing.?'*** The grat-
ing spacing is related to the total crossing angle of the
write beams by

A=A/[2sin(6/2)], (19)

where 6 is the total crossing angle between the write
heams and A is the write-beam wavelength. As the grat-
ing spacing decreases energy migration from the peak to
the valley of the grating becomes more efficient in des-
troying the LIG. For the initial conditions relevant to
this experimental case, the time dependence of the nor-
malized transient-grating signal in the presence of energy

migration processes is given by?}

I (O =expl =2t /7) |Jylbt)exp(—at)

+af0wdu exp[ —alt —u)]
2
XJolb (12 =u2)2) |, 20

where 7 is the fluorescence lifetime, a is the exciton
scattering rate, J, is the Bessel function of order zero,
and b is given by

b=4V sin[(27a /A)sin(8/2)] , 2an

where V is the nearest-neighbor ion-ion interaction rate,
a is the average distance between active ions, A is the ex-
citation wavelength and @ is the crossing angle between
the write beams (both in air). The exciton dynamics can
be characterized by these parameters in terms of the
diffusion coefficient, the mean free path, the diffusion
length, the coherence parameter, and the number of sites
visited between scattering events given by

D=2V%a/a, (22)
L,=V2Va/a, (23)
L,=02D7)'"?, (24)
(=b/a, (25)
N =L,/a, (26)

respectively.
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A. Results for T, excitation

For the grating formed by excitation into the ‘T, level
of the mirror-site ions the decay of the signal is nonex-
ponential. The initial part of the decay is consistent with
the predicted decay of a mirror-site grating and the long-
time part of the decay is consistent with the predicted de-
cay of an inversion site grating. The angular dependence
of the grating decay pattern shows that at large crossing
angles the long-time decay is very weak or no [onger
present. This is shown in Fig. 4.

The concentration of inversion-site Cr’* ions in the
sample is 2.5%x 10" cm~>. Assuming a uniformly ran-
dom distribution of ions, this implies an average separa-
tion of 457 am between inversion-site Cr>* ions. The an-
gles used in the measurements ranged from 2° to approxi-
mately 28°. This gives grating spacings ranging from 1.2
to 16 um. The spatial dependence of the grating is given
by

n(x,O)::[cos(kgx)+11, 27

where k3=27r/A is the grating k vector, and n(x,0) is
the exciton concentration at ¢t =0. The characteristic
widtit of a giating peak is A. For a grating spacing of 16
pm this implies a linear density of 35 inversion-site Cr’*
ions per grating peak. For a grating spacing of 1.2 um
the linear density of inversion-site Cr®* ions is 2.6 per
grating peak. This clearly shows, under the above as-
sumptions, that the number of inversion-site ions per
peak of the grating decreases with increasing crossing an-
gle (decreasing grating spacing), and as a result, the
inversion-site grating signal decreases in intensity with in-
creasing crossing angle.

In order to conclusively establish that the observed
long-time part of the decay patterns is a result of the
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FIG. 4. The LIG signal decay for excitation of the mirror-
stte Crt* ions into the *T, level ar 30 K at two different write-
beam crossing angles. The dashed line is 9=13.5% the solid line
1589=23"

simuftaneous formation of an inversion-site grating along
with the mirror site grating, the following experiment
was performed. A mirror site grating and an inversion
site grating were formed simultaneously in the same re-
gion in the sample by using two different sets of pump
laser beams as described earlier. A single He-Ne beam
was used to probe the dual grating. Because the fringe
spacings of the two gratings are not exactly the same due
to the different laser frequencies used to write the grat-
ings, it was necessary to keep the crossing angle between
the two sets of overlapping write beams very small so
that a single probe beam can approximately match the
Bragg condition for both gratings simultaneously. The
decay kinetics .of the resulting dual grating were mea-
sured by chopping both sets of pump beams and record-
ing the dual LIG signal. The results are shown in Fig. 5.
The decay pattern is similar to the small-angle decay pat-
tern for *T, pumping, shown in Fig. 4. This confirms
that the long-time part of the decay for *T, pumping is
due to the presence of an inversion-site grating.

B. Results for 2E excitation

The FWM signal decay kinetics of the mirror-site grat-
ing formed by direct excitation of the 2E level were also
found to be dependent on the grating spacing and tem-
perature. Several approaches??~?* have been used to
theoretically analyze the transient grating kinetics in the
presence of energy transfer. Kenkre?»?* has treated the
case for the effects of partially coherent exciton migra-
tion, with the initial conditions refevant to the experi-
ments described here. His results are derived from the
generalized master equations using the assumption that
the initial density matrix for the system is diagonal. This
is the situation encountered in systems with localized ex-
citon states or systems containing complete randomness
between the phases of the exciton wave functions. The
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FIG. 5. Dual-grating decay kinetics at 30 K and a write:
beam crossing angle of 1.39°,
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TABLE 1. Energy migration parameters at 25 K.

V (sec™") 1.22x 10®

a (sec ™) 0.2x 108

D (cin’sec™ ') 3.02x 107°¢

L, fcm) 3.88x 1077

L; {cm) 1.18x 107}

N, 8.63

£ (0=5) 3.7x 1077 L

later case is exactly the situation encountered here. At

low temperatures the population of excited Cr’* ions is

predominantly in the E sublevel of the ’E state, whereas
the excitation is into the 2 4 sublevel. A correlation ex-
ists between different Cr’* sites in the 24 sublevel im-
mediately after the pump photons are absorbed, since the
excitation wavelength spans many Cr’* sites. However,
any dephasing mechanism, such as nonradiative process-
es between the E and 2 A sublevels or phonon scattering
processes, will result in a loss of this correlation between
sites. Therefore, the theory of Kenkre? is ideally suited
to this system. The dephasing issue will be discussed
later in this paper.

For ?E excitation there is no inversion-site contribution
to the LIG signal, and therefore the decay kinetics of the
signal can unambiguously be analyzed in terms of energy
migration only among mirror site Cr’* jons. Equation
{20) was used to fit the slightly nonexponential LIG decay
kinetics treating b and a as adjustable parameters. The
LIG decay kinetics at each temperature and several
different grating spacings were used to characterize the
exciton migration at that specific temperature. The per-
tinent parameters are listed in Table 1.

Figure 6 shows the temperature dependence obtained
for the scattering rate a. The solid line is the best fit to
the data using the expression

a=C,T" (28)
with C, =0.02x 10%sec ™' and C,=0.7540.08.
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F1G 6. The temperature dependence obtained for the

scattering rate and the ion-ion interaction rate for direct excita-
tion of the '£ level of the Cr** ions in mirror sites. The solid
line is the theoretical fit to the ion-ion interaction rate using Eq.
(281, and the dashed line is the theoretical fit to the scattering
rate using Eq. 29).
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Figure 6 also shows the temperature dependence of the
ion-ion interaction rate. For resonant energy migration
in the R, zero-phonon line originating on %E, the ion-ion
interaction rate is proportional to the spectral overlap in-
tegral of the R absorption and emission transitions, and
the intrinsic decay rate of the 2E level.”® This can be ex-
pressed as

V=Cyr~'/Av, (29)

where Av is the FWHM of the zero-phonon line, and it
was assumed that the zero-phonon lineshape was Gauss-
ian. The temperature dependencies of 77' and Av have
been measured for the R, mirror site zero-phonon line in
alexandrite.!' The solid line in Fig. 6 is the best fit to the
measured ion-ion interaction rate using Eq. (29) and the
measured values of 7~ ! and Av.

Using Eq. (22) the diffusion coefficient can be calculat-
ed from ¥ and a in terms of a. The magnitude of the
diffusion coefficient determined by analyzing the results
obtained using *T, excitation was calculated in a previ-
ous paper’ assuming completely incoherent migration.
Structural measurements have shown that the distribu-
tion of Cr’* ions ir. alexandrite is not uniform.?® For this
reason it is difficult to determine a vaiue for the distance
between Cr’* ions, a. The lower limit on a is 0.27 nm,
which is the smallest distance between Cr’* ions in mir-
ror sites. For a uniform distribution of Cr’* ions the
value of a is 2.99 nm. Assuming a dipole-dipole interac-
tion between Cr’* jons and using the calculated ion-ion
interaction rate listed in Table I, the value of a is estimat-
ed to be approximately 0.45 nm, which is intermediate
between the nearest-neighbor and uniform distribution
limits. Using the value of 0.45 nm for a, the magnitudes
of D, L,,,and L, listed in Table I, are obtained.

It was reported previously’ that the temperature
dependence of D is T~'/? for T <150 K. The tempera-
ture dependence of a is T%', and V decreases slightly
with temperature up to 180 K (primarily due to a slight
increase in Av in this temperature range). Using Eq. (22)
and these results gives a temperature dependence of ap-
proxin.ately T-'? for D, in agreement with the results
obtained with *T, excitation. This is shown in Fig. 7.

The scattering rate depends on temperature differently
for different mechanisms which limit the exciton mean
free path.’’ The exciton scattering mechanism can be
due to scattering by defects, optic phonons, or acoustic
phonons. All of these processes have different tempera-
ture dependences in different limits, Scattering of exci-
tons by acoustic phonons is the dominant scattering
mechanism at low temperatures. The most general form
of this type of scattering is predicted?’ to have a 7°/
temperature dependence. The smaller temperature
dependence observed here may be a result of the longer-
wavelength phonons not being as effective in scattering
localized excitons as the shorter wavelength phonons and
the difference in the electron-phonon coupling strengths
for the different phonons. Long-wavelength phonons
which modulate several neighboring lattice sites together
are less effective in scattering excitons localized on a sin-
gle lattice site than phonons which modulate neighboring
sites differently.’®
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The results of the measurements of the properties of
the exciton migration in alexandrite reported here are the
essential characteristics needed to understand the issue of
coherence in exciton migration. The term coherence in
this case describes the situation in which the exciton
behaves like a quasiparticle with a certain momentum.
This quasiparticle will move over several lattice spacings,
maintaining phase memory, before a scattering event
occurs. The phase memory of the exciton does not de-
pend upon the rest of the ensemble of excitons. Transient
grating measurements have three different characteristic
distances. These are the lattice constant a, the mean free
path L,,, and the grating spacing A. The transport prop-
erties of the exciton are discernible using the LIG tech-
nique only if the diffusion length is comparable to half of
the grating spacing, and therefore L; and A are on the
same length scale. If L, is less than or equal to a then
the exciton motion is completely incoherent and a
scattering event occurs on every ‘‘hop” of the exciton to
another site, leading to a complete loss of phase memory.
If a <L, <<A/2 then the exciton motion is coherent
over a few lattice spacings, but is incoherent on the scale
of the experiment. N, is a measure of the degree of
coherence on this length scale. If L, =~A/2 then the ex-
citon motion is coherent gver many lattice spacings and
on a distance scale which is directly discernible from the
transient grating signal shapes. { is a measure of the de-
gree of coherence on this Jength scale. Table I shows that
the mirror-site Cr’* ions in alexandrite have energy
transport characteristics consistent with the second type
of coherence mentioned above (@ < L,, <<A/2). The ex-
citon motion is coherent over a few lattice spacings, but
is incoherent on the distance scale of the grating, and is
thus termed quasicoherent.

The coherence parameter is an important quantity in
verifying the assumption mentioned earlier regarding the
initial conditions of the experiment. Kenkre?” has shown
that for { greater than 2.0 significant differences in the
transient grating decay kinetics are possible depending on
the initial state of the density matrix. Table I shows that
£ is 3.7x 1072, Therefore even if the initial density ma-
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trix were not diagonal, as assumed here, there would be
no difference in the transient grating decay kinetics. The
LIG signal in this system is insensitive to the initial con-
ditions of the density matrix,

1V. DEPHASING MEASUREMENTS

In a previous paper’ it was shown that measurements
of the FWM signal intensity as a function of the crossing
angle between the write beams can be used to determine
the dephasing time of the atomic system with respect to
the laser beams. The model used to analyze the data was
the model discussed in Sec. II describing the interaction
between crossed laser beams and a two-level atomic sys-
tem. The electric fields of the four laser beams interact

. with each other via the nonlinear polarization induced in

the two-level system. Solving the wave equation for this
situation leads to a set of coupled differential equations
for the complex amplitudes of the fields. Using this ap-
proach it was found that the normalized FWM scattering
efficiency could accurately be modeled by solving these
equations numerically, treating the real and imaginary
components of the coupling parameters, D}, D, D}, and

5, as adjustable parameters. The values of the coupling
parameters obtained by these computer fits to the data
yielded information on the laser-induced modulation of
the real and imaginary parts of the refractive index
through the relationships

Aa,=—2aD}/D} , (30)
Ang=(ac/w)D5/D} . (an

From these quantities the dephasing time of the atomic
system, T, can be calculated using

T,=Qw/cNAn /Aa Nw—~wy) " (32)

where a is the absorption coefficient at the write-beam
wavelength, ¢ is the speed of light, w is the circular fre-
quency of the write beams, and w,, is the resonant fre-
quency of the atomic transition.

There are several mechanisms that could be responsi-
ble for the dephasing of the system. The measured de-
phasing time is related to population relaxation T, and
phase disrupting processes among the ions of the ensem-
ble, TED, by the relation®®

Fl=iT (TP (33)

Population relaxation processes contribute to the total
dephasing rate since they are incoherent spontaneous
processes. TfD can be separated into two parts:

(TP '=(T3) ' +(Ty) Y, (34)

where T is the inhomogeneous dephasing time and T is
the homogeneous dephasing time. These dephasing times
are related to their respective contribution to the total
linewidth through the relations

$ =(mc Av*)™! (35)
and

Ty =(me Av')™ ", (36)
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T3 represents the time for the loss of phase coherence be-
tween the ions of the ensemble due to small mismatches
in the transition energies of the ions. T represents the
timme for the loss of coherence between the ions of the en-
semble due to phonon scattering processes.??

A. Results for 2E excitation

Figure 8 shows the angular dependence of the normal-
ized FWM scattering efficiency for excitation of the 24
sublevel of the E state at 50 K. The solid line in the
figure is the computer fit to the data using the procedure
discussed above. The parameters calculated from this fit
using Eqs. (30)-(32) are listed in Table II.

For this excitation the total population relaxation is
the sum of two processes:

T =TT (2Q4-EV+ T 'CE-*4,) ' 37

where T7'(2A4-E) is the nonradiative decay rate from
the upper crystal field sublevel of the 2E state to the lower
sublevel, and T7'(2E-*A,) is the total decay rate from
the 24 and E sublevels of 2E to the ground state, *4,.
T,(*E-*A,) is measured'' to be 2.3 ms at 50 K, and
therefore this term in Eq. (37) can be neglected since it is
much smaller than the measured dephasing rate of 35 ps.

The nonradiative decay time from 24 to E, T,(24-E),’

has been measured by Meitzer er al.*’ at 1.5 K to be 400
ps. This decay time wiil decrease as temperature is
raised, and can be extrapolated to its value at 50 K using
the relation

TS0 Kd=T7 "0 KXa+1) (38)
where n is the phonon occupation number given by
i=(explAE kg T)—1]1"", - (39)

kg is Boltzmann's constant and AE is the phonon energy.
This gives a value of 260 ps for T,(2A-E) at 50 K. This
is a factor of 5 slower than the dephasing time measured
liere. At 50 K the homogeneous linewidth is less than the

1D Y Al ey T
! T=50K
2 08} 1
5
o6r L @ 1
2
] [ J
T 04t ]
- N
02 ®
. 0 _ :
4 8 12 16
6 (deg )
FIG. 8. Normalized FWM scattering efficiency vs the write-

beam crossing angle at 50 K for Cr’* ions in the mirror sites
directly excited in the 2 4 sublevel of the 1E state. The solid line
is the computcr-generated fit obtained for a two-level atomic
system madel for FWAM (Refs. 5 and t5).
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TABLE 1I. Dephasing parameters.

Aexe (nm) 677.8

T (K) 50

D] 0.25

D 0.65

D 0.35

D} 0.0015

An 6.68x10°°
Aa em™") 4.00% 107}
T, (ps) 55.3

inhomogeneous linewidth, which is approximately 2
cm~ L' Therefore T7 is less than T3, and the dephasing
rate is dominated by the inhomogeneous dephasing. Us-
ing Eq. (41) and the measured inhomogeneous linewidth,
the inhomogeneous dephasing time is found to be 52 ps.
This is in good agreement with the measured result; thus
the dephasing mechanism in this case is attributed to de-
phasing associated with the inhomogeneous linewidth
and not population relaxation.

B. Results for ‘T, excitation

For excitation into the *T, level, T, was found previ-
ously® to be 80 and 2.2 ps for the inversion sites and mir-
ror sites, respectively and the dephasing time was attri-
buted to the nonradiative decay from the *T, level to the
2E metastable ievel. These measurements have been ex-
tended to temperatures ranging from 30 to 300 K and
several different excitation wavelengths. The dephasing
time was found to be constant over this temperature
range, while the frequency dependence of the dephasing
time was found to vary approximately as o on the high-
energy side of the transition peak.

The dynamics of nonradiative decay processes are im-
portant in gaining a full understanding of dephasing and
the role that phonons play in the dephasing process. In
this section a model is presented to describe the second
type of dephasing, and it is related to the dephasing re-
sults obtained for *T, excitation of the mirror-site ions.

Figure 9 shows the model used to analyze the dynamics
of the mirror-site Cr'* ions. The E curve actually
represents four potential energy curves, and the ‘T,
curve represents twelve potential energy curves.’? This is
a result of the splittings of the sublevels of each state.
The T, level has been omitted since it does not play a
significant role in the nonradiative decay processes.’® =%
Optical absorption occurs from the ground state, *A,, to
an excited vibrational level of the *T, level, represented
by the vertical line in the figure. The ion is excited into
an excited vibrational level of the *T, state. Following
absorption, the ion relaxes very quickly to the metastable
E level. This process can occur in two ways. The first
mechanism is one in which the ion remains in the *T, lev-
el and emits phonons, termed internal conversion (IC),
until its energy coincides with the crossing of the two
excited-state adiabatic potential-energy curves, the ’E
and ‘T, levels. At this energy, the relaxation process
crosses over to the *E level, called intersystem crossing
{ISC), and the ion continues to emit phonons until the
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FIG. 9. Model used to analyze the dynamics of the nonradia-
tive decay from the ‘T, level to the *E level. The solid vertical
line represents optical absorption.

bottom of the *E potential energy curve is reached. This
is represented by the path 4 ~-B-Cin Fig. 9. The second
mechanism differs from the first in the point at which the
ISC process occurs. I[n this mechanism the ISC process
occurs on the very first step of the relaxation and is fol-
lowed by the emission of phonons until the bottom of the
E potential energy curve is reached. The relaxation
predominantly occurs in the 2E electronic state, and is
represented by the A -B’'-C path in Fig. 9. These two
mechanisms will be designated as 1C and ISC, respective-
ly, corresponding to the first steps in the relaxation mech-
anism.

Nonradiative decay processes occur between nonsta-
tionary states of the system.’? The initial state of the sys-
tem, as well as the others, is not a pure ‘TZ electronic
state.’® It is actually a mixed state of several electronic vi-
brational states including the *T, and ‘E electronic-
vibrational states. This is a result of the electron-phonon
coupling, the spin-orbit interaction, and the anharmonic
potential energy of the excited states of the Ce’* ions.
The various electronic states admixed by these interac-
tions are shown in Fig. 10. Englman et al.*® have shown
in the harmonic approximation that the amount of ad-
mixture between the °E and ‘Tz states, which form the
inittal vibronic ecigenstate of the system, can increase
significantly as the vibrational quantum number of the
upper state increases. [ncluding anharmonic effects can
increase the amount of admixture between states even
more.

In the model used here to analyze the nonradiative de-
cay pathways from the *T, state to the ‘E state, only
single-phonon processes are considered. The initial level
of the system after optical excitation is an excited vibra-

LASER-INDUCED GRATING SPECTROSCOPY OF ...

6237

4
te T, ViA,,) °
VIED Mo .
H VT Ty th
vIT,)
® Hy v.(Tw)
te 4.'. y
) VIT”) o
H Hso 2
= T, t2,
V(T,) 1
He, V(T,,) 2E t:,
V'(T;,)
o
HSO
6 as
o

FIG. 10. Coupling scheme for the different energy levels of a
Cr** ion in an octahedral environment.

tional level of the *T, electronic state. The interactions
shown in Fig. 10 admix this state with various intermedi- @
ate states. From these admixed states relaxation can
occur to the vibrational level of the *T, state lying just
below the initially excited level or to an excited vibration-
al level of the ?E state which is at or below the energy of
the initial level. The amount of admixture between states
which causes the radiationless relaxation processes de-
creases as the vibrational quantum number of the initial
state of the *T, electronic state decreases.’® The first step
of the relaxation process is very important in determining
the relaxation pathway because the amount of admixture
between states which results in a specific relaxation path-
way decreases after each step in the nonradiative decay
process. Therefore, once the first step occurs, the path-
way is determined until points are reached where there is
a significant change in the admixture between states, such
as at the potential-energy curve crossing points.

The nonradiative decay rate is given by the golden
rule:

Ko=Qm/f)| (¥

co | OH W) [Pp(E)) (40)

where e denotes the electronic part and v denotes the vi-
brational part of the wave function W, primes denote the
initial state of the system, AH is the perturbation con-
necting the two levels, and p(E;) is the density of final
states. The admixture between states is accounted for in
the terms retained in AH, where

AH=V'qg+H,, . 41

Here g is the configuration coordinate representing the
symmetry adapted normal mode of the system, V' is the @
electron-phonon coupling term, and H,, is the spin-
orbit interaction. Phonons of different symmetry are ac-
tive in coupling the different levels shown in Fig. 10.
These phonon symmetries are given in parentheses after
the V'. The first step in the IC mechanism is the transi-
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tion from W(°T,,v') to W(*T,,v) where v'>v. First-
order perturbation theory is not sufficient to cause this
transition, and it will be necessary to use second-order
perturbation theory to describe this mechanism. The first
step in the ISC mechanism is the transition from
Y(*T,,v') to W(2E,v). The only operator which can con-
nect these states is the spin-orbit coupling operator.
Second-order perturbation theory must also be used to

]
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express the matrix elements in this mechanism.
Assuming that the states involved in the transition are
Born-Oppenheimer states,

Ve (rg)=4.(r,q)X,(q) (42)

the nonradiative decay rate for each mechanism can be
written as

T3 BTy M| V' Ty, M)
,Y,ij.r Y”.M;I

X($(L,y, M) | H,, | $CE, v, M) {X(*T3,0,) [ g, | X(T,r,))
X ] {XC*Ty,0,) | X(T,r,))

XAX(P,r,) | X(3E,0,)) /IW(*T;) = W(D)]+c.c.

2w
+ %‘,2

p r'.r',M;r y",M’”

2
plE;)

> S (SCT, vy M) | H , |,y M)

XSy MO |V $OCE, v M) (X(T,r,) | q, | XCE,u,))
X [T CXCT,00) | X(T,r,))

2
XX, r ) | XCE,0,)) /[WCE)—w(T) ] +c.c. || plE) (43)
and
K10=2L155 [ 3 3 (CTur MOV 14T r.M,)
v op Ty M.r Y"-M,"
XMy, M) | Hoo | $CTo 7" M DX (Ty,0;) | g, | X(To7,))
X [T (X(*Ty,0,) | X(T,r,))
‘ 2
X AX(T,r,) | X(E,u)) /[W(*T,)= W(D)]+c.c. || plE[)
+—2ﬁl 22[ S X GOTur MV Iy, M)
voP oy MLy M]
| XA,y , MOV ¢CTo, v\ MDA X(Ty,0,) | g, | X(T,r,))
X [T X CT,0)) | X(Tr, )
a
2
XAX(T,r) | XCE,0,)) /[WCET)) = W(T) ] +c.c. || plEf), (44)

where y represents the crystal-field component of the I'
intermediate state, and W is the energy of the state. The
vibrational part of the wave function has been separated
into promoting and accepting modes, X(e,v,) and
Xl(e,v,), respectively. These modes are assumed to be
distinct, which is a good agt?roximation for high-
symmetry  crystal-field sites. Promoting ' modes
represent phonons that mix the initial and final electronic
states, and accepting modes represent phonons that ab-
sorb the difference in electronic energy. The reason for
invoking admixture of intermediate states in the expres-

[sI)n for K ,.(IC) is due to the properties of the overlap in-
tegrals of the vibrational wave functions. The vibrational
wave functions for each particular excited state are or-
thogonal, and therefore the vibrational overlap integral,
commonly called the Franck-Condon factor, vanishes for
a transition from one vibrational level to a different vibra-
tional level of the same electronic state. Equations (43)
and (44) avoid the “Condon’ approximation, which tends
to underestimate transition rates by as much as several
orders of magnitude.’**’ These expressions are summed
over v and p to include all single-phonon transitions from
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v’ to all other possible vibrational levels. There is no
summation over v’ because the system is initially in a
specific vibrational level.

The summations in Eqs. (43) and (44) are restricted by
symmetry. Figure 10 shows that for K (ISC) and an ion
in an octahedral environment [ must belong to the set of
states {*T;,*4,,*T| and the corresponding ¥’ must be-
long to the sets of vibrational symmetries
[ A Egu Ty Tog b Tl Ay Eg T1g Tagl]. On the
other hand I must belong to the set of states
{*T|,2E,’T,} and this requires that ¥’ must belong to
the sets of vibrational symmetries ({7, Ty},
{ Aigr Arg Eg L[ T, Ty} ). For K (IC) T and T must
belong to the set of states {*T),* 4} and the correspond-
ing V' must belong to the set of vibrational symmetries
[l A g Ty Tog 1 [ Tig ).

Measurements of the Raman spectra, low-temperature
absorption spectra, and Stokes excitation spectra'? show
that phonons of about 240 cm ~' are important to the dy-
namics of the nonradiative relaxation processes from the
‘ng to 2Eg level. In octahedral symmetry there are three
different species of Raman-active active modes: A 1gr Eg,

and T,,. Symmetry assignments of the different Raman
J

(3 eNSTMy | V(D) | (e5)(el 1S T M'y")
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peaks seen in experiments have been done for the actual
symmetry class of the mirror-site ions in alexandrite.*®
These can be correlated with the symmetries of the
Raman-active modes in O, point-group symmetry.”® O,
symmetry is a good approximation to the actual site sym-
metry, and tis simplification makes the calculations much
easier. These measurements and this correlation show
that the 240-cm ™' phonons have T,, symmetry. Thus, as
a further simplification, it will be assumed that these
240-cm ™' phonons of T,, symmetry are the only pho-
nons active in the nonradiative relaxation process. This
eliminates many of the terms that would have appeared
in Egs. (43) and (44). The sum over promoting modes
and the product over accepting modes are removed, leav-
ing just one term each.

The electronic matrix elements can be reduced to
single-electron matrix elements which can then be evalu-
ated by using d-clectron wave functions.**~*? The matrix
elements are summed over the final states and the matrix
elements squared are then averaged over the initial elec-
tronic states. The matrix elements can be expressed using
the Wigner-Eckart theorem as*!

=8(8,S8(M, M D)™y [ 'y Ty ) (3 (e ISTI V)15, e IS T")  (45)

where T is the dimension of the " representation, 6(S,S")
is the Kronecker delta, (Ty |T'y'Cy) is the Clebsch-
Gordan coefficient, and

(g eMST V||, e 1S T )

is the multielectron reduced matrix element. This
reduced matrix element can be reexpressed in terms
of the single-electron reduced matrix elements,
(3, IVIDle5, ), (eI V(Dleg ), and (15, IV (Tlle, ), by
using the d wave functions for each representation.
These wave functions are denoted T, (£,7,8),
T (@B,7) Egu,v), Ayle;), and A le)."

The spin-orbit matrix elements are more complicated.
The spin-orbit term in the Hamiltonian can be expressed

as*!

Hoo =(/V2[ =V T4V (1T))]
FUNVUY GO T ) +iV_ g (1T)]
+ Vo, (1T}, (46)

where V(1T ) transforms as the a wave function of the
T, representation with spin quantum number + 1. Us-
ing the Wigner-Eckart theorem, the matrix elements of
the spin-orbit interaction can be expressed in terms of the
multielectron reduced matrix elements. These multielect-
ron reduced matrix elements can also be expressed in
terms of the single-electron reduced matrix element
(1o, IV(IT)le, ) and the resuits have been tabulated by
Tanabe er al.*' Table 11 gives ths average of the matrix
elements squared in terms of the single-electron reduced
matrix elements after summing over the different com-
ponents of the intermediate representations.

f

Nonradiative decay rates in a diatomic molecule can be
affected to a large extent by anharmonic effects.’? This
should also be true in solids.** The exact form of the
anharmonic potential energy surface for an ion in a solid
is not known, but the potential can be approximated by
using the well-known Morse potential. This is given by*’

Ulg)=D,|l—exp[—a"(q —g,)}}?, 47

where g is the configuration coordinate, g, is the ¢quilib-
rium position, ¢’ is the anharmonicity constant, and Dy
is the dissociation energy. The normalized vibrational
wave functions for this type of potential are*®~*

X, =[(a"by) v /TK —v)]"

xexpl —z/2)z" L2y (48)

where
z=kexp[—a"lqg —q4)], {49)
K=v, /v,x,=4Dy/v, , (50)
bo=K —2v—1. (51)

b . . . .
L,"(z) is the associated Laguerre polynomial, and T is
the gamma function. The vibrational energy is given by*®

E,=v (04 —vx(v+1). (52)

¢

This type of potential can be used to model the ground
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TABLE I1I. Squared matrix elements; X = (1, || F't2, )13 7, Z = (e, ||V (1t )|15,).

N

rr

wor

ur

@

M.

372
172
-1/2

-3/2

372
1/2
—-1/2
-3/2

32
172
—~1/72
~3/2

172
172
—-172
-3n
372
172
—-1/2
-3/2

32
1/2
-172
-3n

M!

372

-1/2

-372
172
172

172

-3/2

K, (ISC)

S O3 (GUT, v M) | V(T | Ty M, )
YuW! r".M"'
2

X(QUT ¥y M) | H,, | $CEY"M))

0
(17486)(X2)
(17486)(XZ)*

(1/2592)(1 + VU XZ)?
(1/3888)(14 + SVINXZ)?
(1/1296)2—V'3;.XZ)}
(1725921 + VU XZ)?

(17259201 + V3IHXZY
(17777601 + VU XZ)?
(1/7776)(1 + V3 XZ)?
(LS9 + V3 XZ)?

Average=(1/2916)4 + V3)(XZ)?
S 3 (GCTuy M| V(Ty) | $UT 7, M)

M,y
2

x (T, v, M) | H, o 1$CE,¥" M)

(1/3840XZ)1
(1/3456)(XZ)?
(1/3456)(XZ)?
(1/384)(XZ)?
(1.576)2 = VINXZ)?
(1/1728)2 + V3INXZY
(1/576)2 + VINXZY
(1757612 + VINXZ)?

(1/11526XZ»*
(1/3456)(7 + 4V 3N XZY
(1/3456)(7 + 4V 3INXZ)?
(1/11524X2)}

Average={(1/2592)(5 + V3)(XZ)?
2 Z <¢(‘Tlry.va.)lHto. ‘¢(2TI»Y’-M;))

. e "
YoMyt M,

2
X ($03T\,v", M) | V'(Tz,)w(’s,y",M;'))'

Vanishes for ail y*, M}
S OS (UTwy MM H,, | 80T, v M)
r,‘.“’I r,,. M;‘

1
X¢(2T1Y'11wx') l V'( Tlg)l‘t(zEvyuva”))!

0

(1/324)2 + V3N XZ)
(1/324)2 + V3N XZY

(1/216MXZ)
11/2160XZ)?
(1764807 =4V I XZ)
{1/2160X2Z)?
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TABLE 111. (Continued).

K, (IC)
¢ 3/2 (1/432(2 + V3)(X2Z)?
172 (1/1296)(2 + V3 XZ)?
) (1/1296)2 + V3N XZ)?
-3 (1743202 + V3§ XZ)»
Average=(1/1944)8 + V3N XZ}!
K, (10
e M} S 3 (GCTLy M) | V(T ) | 0T v, M,))
y,M‘ Y".M,”
2
XCPUT v MO | Hyo | 90Ty M)
£ 3 (1/384)(X2Z)?
172 (1/3456)(XZ)?
—-12 (1734561 X2Z)?
-3n (1/384)(XZ)?
) 372 (1/576)2—V3)( XZ)*
172 - (1/1728)2 + V33 X2)?
—12 (1/576)(2 + V3N XZV
-3/ (1757602 + V3INXZ)*
¢ 3.2 (1/1152)(XZ)?
(/2 (1734567 + 4V3)(X2Z)’
—1/2 (1/3456)(7 + 4V 3)(XZ)?
-3 (1/1152(X2Z)?
Average=(1/2592)(5 + V3)(XZ)?
v M} T S GOTuy  MA | V(T [$UT)y', M)

. LT "
rMor M,

2
XAPCT), v MO VT | $CT,y " M) ’

Vanishes for all y*,M,*

and excited states of Cr’* ions in alexandrite. Figure 11
shows an approximate Morse potential energy curve for
the *T, and ’E excited stales. These curves were calcu-
lated using the absorption and fizorescence spectra, posi-
tions of the zero-phonon lines, and an effective phonon 2
! The energy difference between the ” o e

energy of 240 cm ™.

bottom of the *T, and *E potential energy curves is 800

cm™!. The energy levels of the vibrational levels in each -

excited state calculated by using Eq. (52) are shown in the g

figure. Equations (48)-(51) were used to calculate the vi- Y
=
w

brational wave functions for each vibrational level in
both electronic states. These are also shown in the figure.

The vibrational parts of the matrix elements in Egs. 1} ]
(43) and (44) givenby bV TN
| (X(*T,0") | XCEv)) |? (53)
and 7
| (XCT,0) gp | XCE) |7, (54)

etc., can he calculated by using the Morse potential wave
functions.*>*7* =% The first type of matrix element is
the Franck-Condon factor (FCF). The FCF cannot be
calculated analytically; therefore, both types of matrix

0o "8 28
q (arb, units)

FIG. 11. Morse potentials representing the *7, and !E levels

elements in Egs. (53) and (54) were calculated numerical-
ty

The peak in the *T, absorption is into the fourth vibra-
tional level of the *T, state. Figure 12 shows the calcu-

of Cr** ions in mirror sites in alexandrite. The horizontal hines
represent the vibrational energy levels for 240-cmi ' phonons,
and the oscillating lines represent the wave funchions for each
vibrational energy level.
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F1G. 12 Franck-Condon factors for a transition from the
fourth vibrattonal level of the *T, state to various vibrational
levels of the 'E state designated by vibrational quantum number

v,

lated FCF from this level to each of the vibrational levels
of the 2E state. The oscillations are a result of the alter-
nation in sign of the wave functions. The transition from
the fourth vibrational level of the *T, state to the vibra-
tional level of the *E state next lowest in energy (4—8)
has a FCF of approximately 0.14. This FCF is larger
than the corresponding FCF in the harmonic approxima-
tron because of the shape of the wave functions and the
relative positions of the Morse potential-energy curves
for farge values of g. The potential-energy curves are
very close to one another in this region, and the wave
functions all have a large positive lobe on this side of the
Morse curve. These features are shown in Fig. 11,
Theretore, the overlap between vibrational wave func-
tons 1s predommantly due to the overlap of these posi-
tive tobes. The shapes of the wave functions are also in-
dicative of the anharmonicity of the potential-energy
curves. The asymmetry of the wave functions s
sigmiticant even tor the second or third vibrational leveis,
FFor this reason 1tas very important to take these anhar-
monte effects nto account.

The vibrattonai wave functions m a Morse potential
are orthonormal.  As mentioned previously, this 1s the
reason for resorting to second-order perturbation theory
in calcutating K1 1C). The FCF's between the same vi-
hrational sublevels of different electronic states having
the same electromic configuration can be set equal to |
stnce these potentials are essentially wdentical. All other
FCE's between these levels are smalil because of orthonor-
mality  The *E, 'T,, and * T, states originate from the 1}«,
electronic contiguration, whereas the *77, and ‘7, states
anginate from the t_gqeq electrone conliguration. The vi-
brational matrix element 1 £q. (541 was also calculated
numencally. The same types of assumptions mentioned
above were used 1 calculatng the various matrnix ele-

ments between states.

Equations (43) and (44) can be evaluated by using the
results in Table 111, the vibrational matrix elements, and
spectroscopic data giving the energies of the levels. The
reduced matrix elements can be eliminated from the
equations by taking the ratio of K (ISC) to K, (1C).
This avoids the problems associated with using approxi-
mate electronic wave functions to evaluate the single-
electron reduced matrix elements which can severely
affect the results.’* Taking the ratio given the relative
probability of the two processes. The vibrational matrix
elements between a specific vibrational level of an elec-
tronic state and another vibrational level of the inter-
mediate electronic state were chosen so that the ior
would end up in a level of lower total energy and the cal-
culated rate would have its maximum value. The density
of staies for the ISC transition was taken from the vibra-
tional level spacing of the 2E Morse potential curve at the
level at which the first step in the nonradiative decay pro-
cess ends. The density of states for the IC transition was
taken from the vibrational level spacing of the *T, Morse
potential curve at the vibrational level just below the
point of optical absorption. This is a result of limiting
each step in the nonradiative decay mechanism to single
phonon processes. There is an additional factor of 3
that accounts for the difference in the degeneracies in the
ratio of the density of fiu:al states. The result of this cal-
culation gives

ISC)

Knr(
(1C)

=13 . (53)
K

ne

The model for nonradiative decay presented here is
different from other models in several respects. The pro-
moting mode interaction is not assumed to be effective
only at or near the point where the *T, and 2E potential
energy curves cross.’>¥ =37 This is one of the reasons
that the ISC mechanism can compete with the standard
Dexter, Klick, and Russell®® IC mechanism. The effects
of anharmonicities, which are difficult to treat in a solid
and have therefore usually been ignored in previous treat-
ments, are included in the estimates of the FCF’s and the
vibrational matrix elements determined here. The har-
monic approximation would lead to FCF's that are much
smaller than those obtained here, and this has justified, in
the past, the neglect of the ISC channel for nonradiative
decay mechantsim proposed here. The reason the FCF's
are larger when anharmonice effects are included is due to
the shape of the wave functions and the shape of the
Morse potential-energy curves. The Morse curves shown
in Fig. 9 actually have two crossing points, and the
curves remain ciose together in the region between these
points, This keeps the vibrational overlap integrals lrom
decreasing to the value that would be obtained in the har-
monic approximation. In the harmonic approximation
the potential-energy curves cross in ouly one point, and
the curves get farther apart as the vibrational quantum
number increases above the crossing point.

Figure 13 shows the dephasing time calculated from
the FWNM data for Cr'' jons m several different crystal-
field environments, alexandrite mirror and inversion sites,
emerald, and ruby. The dephasing time 15 shown as a
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function of the energy difference between the peak of the
*T, absorption and the 2E absorption. This energy
difference is essentially the energy that must be emitted in
the nonradiative decay process outlined above. The de-
phasing mechaaism is a result of population relaxation
from the *T, level. Th=z dependence of the dephasing rate
on the energy difference shown in Fig. 13 strongly sup-
ports the conclusion reached above that the dominant
nonradiative decay channel is the ISC channel. If the
nonradiative decay process does not involve the ISC de-
cay channel, then the dephasing rate would not depend
on the crystal field strength of the host crystal, and there-
fore would be independent of the energy difference be-
tween the *T, and *E absorption transitions. If the ISC
channel of nonradiative decay is the dominant relaxation
pathway, then the well-known exponential dependence of
the decay rate on the energy gap should be observed.’®3*
This is observed in the data, confirming the results of the
theoretical calculation for the relative branching ratio of
the two relaxation pathways. The dominant decay chan-
nel in other host crystals with smaller crystal field
strengths and therefere a smaller energy difference be-
tween *T', and *E absorption transitions may be different.
An increase in the probability of the IC decay channel
would decrease the ratio in Eq. (55) leading to the in-
dependence of T, on the energy difference between the
‘T, and *E absorption transitions.

The mechanism for dephasing in this case is consistent
with a population relaxation process, namely the *T,-*E
nonradiative decay. The temperature dependence of the
dephasing rate should be the same as that of the multi-
photon emission rate. The temperature dependence of
the multiphoton emission rate is

R=(A+1¥, (56)

where p’ is the number of phonons emittad. The energy
diference between the peak in the *T, and E absorption

100: v T L LS T L 4 . Li
50f
"5 3
a \
’_N 10%- j
5f ° ]
]
o 4
e . e e 2
1 5000 4000 6000
E (cm’1)

FIG. 13. Dephasing ttme for Cc’' ions in several different
crystal-field environments as a function of the energy difference
between the peak tn the *7'. and ‘£ absorption transitions. The
results were obtained for pumping in the ‘T, level of alexandrite
inversion sites, ruby, alexandrite marror sites, and emerald histed
in decreasing order of the energy diference fadapted from data
reported in Refs. Sand 6.
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transitions for the mirror site Cr'* ions is 1900 cm ™"

Measurements of the vibronic, Raman, and anti-Stokes
excitation spectra'? have shown that the phonons of
lowest energy for which the electron-phonon coupling is
significant are 240-cm~' phonons. 40-cm~' phonons
play an important role in the dynamics of the ’E state,’!
but should not be as important in the *T,-2E nonradiative
decay. This leads to a multiphonon emission rate at 300
K that is only slightly higher than the multiphonon emis-
sion rate at 30 K. This agrees with the experimental ob-
servations within the experimental error.

C. FWM signal inteasity

The intensity of the FWM signal for excitation into the
E and *T, levels was measured under identical condi-
tions: temperature (50 K), grating spacing, power, and
polarization. The measured value of the signal intensity
was adjusted to account for the difference in the absorp-
tion coefficient at the two excitation wavelengths. The
results show that the FWM signal formed after direct ex-
citation into the 2E state is 43 times more intense than
the FWM signal formed after excitation into the *T,
state. In both cases the grating inducing the scattering is
a population grating of Cr’* ions in the 2E level. There
are two possible reasons for this. First, it has been shown
here than an inversion site grating is formed after excita-
tion into the *T, band but not after excitation into the *E
zero-phonon lines of the mirror-site ions. This can pro-
vide a loss mechanism which decreases the FWM signal
intensity. Second, the difference in dephasing times, 2.2
and 55 ps, for the *T, and ’E excitations, respectively,
may be the reason for this difference. The dephasing time
is related to the laser-induced changes in the optical
properties of the material'® which are responsible for the
FWM process, and therefore can indirectly affect the
FWM scattering efficiency as shown in Eq. (12). Since
the first process has been shown (0 be very weak, the
second process should be the dominant cause for the
difference in the scattering efficiency at the two excitation
wavelengths.

V. DISCUSSION AND CONCLUSIONS

In this paper LIG techniques have been used to extend
the previously reported energy transfer and dephasing
studies in alexandrite. The temperature dependence of
the exciton diffusion constant is the same for excitation
into the *E level and for excitation into the ‘T, level. Us-
ing the theoretical framework developed by Kenkre,*%
the temperature dependence of the ion-ion interaction
rate and exciton scattering rate have been deduced It
should be noted that the formalism of Kenkre is exact
only on a perfect lattice, and thus the theory of Kenkre
should be considered an approximation to the exciton dy-
namics of the actual system. In this system there is a
broad distribution of distances between Cr’t wons, and
hence there 1s a broad distribution of interaction
strengths between Cr'* ions. Therefore, the ion-ion in-
teraction strength 1n the Kenkre theory should be con-
sidered to be an average interaction strength. The tem-
perature depenence of the ion-1on interaction rate 1s con-
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sistent with the Dexter?® model, dominated by the life-
time and linewidth of the spectral transition. This same
analysis was used to analyze the data obtained pumping
into the *T, level. The ion-ion interaction rate is the
same as oblained for the !E excitation, but the exciton
scaltering rate is shightly higher. This may be a result of
the additional phonons generated in the nonradiative de-
cay from the *T, state to the 2E state. This also confirms
that the grating is formed in the *E state. The exciton
transport properties imply a nonuniform distribution of
Cr'' ions. The intensity of the inversion-site grating
‘oninbution to the LIG signal as a function of the grat-
ing spacing is consistent with the very low concentration
of inversion-site Cr'* ions in this sample. Results of
simJdar measurements” have shown that the exciton
diffusion coetlicient in emerald increases with increasing
teuperature. For that case the exciton scattering rate
was found to ncrease with temperature similarly to the
alexandrite results, but the ion-lon interaction rate exhib-
ited o much stronger increase with temperature. This is
due to the smaller crystal-field splitting in emerald which
allows the *7 level to become thermally populated at
much lower temperatures than in alexandrite. The
higher oscillator strength for the *T,-to-* A, transition
and the greater spectral overlap from the 4TZ emission
significantly enhances the energy transter efficiency.

The transient L1G signal was found to reflect the satu-
ration behavior of the pumping dynamics. The model
used to analyze these transients accurately predicts the
functional dependence of the pumping dynamics on the
lifetime of the excited state, the pump intensity, and the
absorption cross section. The absorption cross section
for the inversion-site ions at 488 nm and the laser-
induced change in the index of refraction were calculated
to be 0.5 <1072 ¢cm?® and 5.0% 1078, respectively. The
results of similar measurements on ions in the mirror
sites are consistent with the higher value of the saturation
parameter. The power dependence of the LIG signal
shows a quadratic dependence at low pump powers, but
at high pump powers a deviation from this dependence is
evident. The analysis of the data that this departure from
a quadratic dependence is not a result of a normal satura-
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tion process in the pumping dynamics, but is a result of
beam depletion through the laser-induced change in the
absorption coeflicient.

Measurements of the FWM scattering efficiency as a
function of the grating spacing yield information on the
dephasing time of the system. These measurements were
done for excitation into the 2E and *T, states and an
analysis of the data yielded two different types of dephas-
ing mechanisms. The dephasing time for the direct exci-
tation of the 2E level is consistent with the linewidth
data, implying that the inhomogeneous dephasing time is
the dominant dephasing mechanism. It should be noted
that this is not a line narrowing experiment and specific
subsets of ions are not excited. The dephasing time for
excitation into the *T, band is consistent with the nonra-
diative decay time from the *T, level to the 2E level.
This is also evidenced in the temperature dependence of
the dephasing time. A detailed theoretical analysis of the
nonradiative decay process was carried out. The model
used for this analysis includes the effects of anharmonici-
ty and the admixing of the different states of the system.
The results show the importance of intersystem-crossing
in the initially excited vibrational level of the *T, state.
Calculation of the relative branching ratio shows this
pathway for decay to the bottom of the E potential well
to be more probable than the pathway leading to the ini-
tial relaxation to the bottom of the *T, potential well.
The dephasing time for alexandrite, emerald and ruby
was found to vary approximately exponentially with the
energy gap between the peak of the *T, absorption and
the 2E absorption, and this is interpreted as evidence for
the important role this ISC relaxation pathway plays in
the dephasing processes in these materials. Also, the in-
tensities of the FWM signals for excitation into the *T,
and ‘E levels were found to be significantly different and
this is attributed to the difference in the dephasing rates.
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The optical-spectroscopic properties of Cr’* ions in Be;Aly(SiO,), crystals were investigated us-
ing several techniques. The temperature dependencies of the fluorescence intensity and lifetime
were measured between 10 and 300 K and shown to be due to thermal population effects in the *T,
and 2E levels. The results of time-resolved site-selection spectroscopy measurements show that the
Cr** ions occupy several different types of sites having nonequivalent crystal fields, and that spec-
tral energy transfer takes place between ions in different types of sites. The results of four-wave
mixing measurements show the presence of long-range resonant energy migration among the
chromium ions and provide information about the radiationless relaxation rate from the *T, level to

the 2E level.

I. INTRODUCTION

The potential use of emerald [Be;AL(SiOy)g:Cr** ] as a
tunable solid-state laser material'™? has generated
renewed interest in understanding the details of the spec-
troscopic properties of this crystal. Although the general
optical spectroscopic properties of emerald have been
characterized,*~” there are still important unanswered
questions concerning the local crystal-field environment
of the Cr** ions, the churacteristics of energy transfer
among the Cr** ions, and the details of radiationless
transition in this material. We report here the results of
investigating the optical properties of emerald using
several  different  spectroscopic  techniques, including
time-resolved site-selection spectroscopy (TRSSS) and
four-wave mixing (FWM). The results show that the
Co’* ions occupy sites having several different types of
local crystal-field environments and that this leads to two
different types of energy-transfer processes in this materi-
al. The first is a short-range process between ions in sites
having nonequivalent crystal-field environments, while
the second is a resonant, Yong-range migration process.
These processes are characterized in terms of Frenkel ex-
citons with the mobile excitation energy localized on a
Cr'* ion. The radiationless transitions distributing the
population of excited ions among the *7T'; and *E levels
are shown to be responsible for the temperature depen-
dences of the fluorescence intensity and lifetime and for
the dephasing ume of the four-wave mixing signal.

The sample was used in this work had a rectangular
shupe of dimensions 7.5 < 13« 3.8 mm and a dark-green
color. It was grown by the hydrothermal method and
contaned 3 at. % Cr’' 1ons hV‘,=1.77‘x102” em ),
Emerald has the beryl structure with a space group desig-
nated as P6/mcc and two molecules per unit cell.'! The
Cr’* ions substitute for the A" ions and “sit”* at the
center of a shightly distorted octahedral site, as is seen 1n
Fig 1. The site symmetry of Ce’' in this lattice 1!+ "4

18

D,. The dominant structure in beryl is the Si, Oy rings
which are linked by Be and Al ions. As noted on Fig. 1,
the first- and second-nearest-neighbor distances for the
Cr** sites are 4.6 and 5.3 A, respectively. 9 This is much
larger than the 2.65- or 2.7-A first-nearest-neighbor dis-
tances found in similar Cr'*-doped laser materials,
ruby'® and alexandrite,'* respectively. These larger dis-
tances between Cr’* ions allow for high concentrations
without appreciable concentration guenching of the
fluorescence. However, the tradeoff is that the density of
available sites for Cr’* in beryl is 5.9 % 10*' cm™?, which
is approximately 129 of that in the corundum lattice of
ruby.? For emerald doped with 3 at. % Cr*' there s evi-
dence for the presence of exchange coupled pairs of crlt

EMERALD
Be;AlLLISI0;):Cr ¥

BJA——’

10y
O Qg™ °si* *o*

P6/mcc - 03

FI1G. 1. Crystal structure of beryl progected onto a (10
plane. (Taken from Ref. 9)
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jons. ' Also, at this high level of concentration there is a
considerable amount of internal strain in the crystal,
causing different local crystal-field environments for the
Cr’* ions which results in inllomogeneous broadening of
the optical transitions. Both the exchange coupling and
microscopic strains can contribute to the spectral struc-
ture described in Sec. 11

. OPTICAL SPECIROSCOPIC PROPERTIES

The absorption and fluorescence snectra of emerald at
70 K are shown in Figs. 2 and 3. The former was ob-
tained using an 1BM 9430 UV-Visible Spectrophotome-
ter. The latter was taken using the 488-nm line of an ar-
gon laser for the excitation, a 1-m Spex monochromator
for spectral dispersion, a RCA-C31034 photomultiplier
tube to detect the signal, and a lock-in amplifier to
enhance the signal-to-noise ratio. The sample was placed
in a cryogenic refrigerator in order to control the temper-
ature. Front-surface excitation of the fluorescence was
used to minimize the effects of reabsorption. The peaks
in the absorption spectrum are labeled in terms of the oc-
tahedral crystal-field designations of the final states of
their transitions from the * .4, ground state. The fluores-
cence is associated with zero-phonon transitions from the
crystal-field-split components of the 2E level (R lines) and
broadband Auorescence, which is a superposition of the
vibronic sideband of the R lines and emission from the
T, level.

Figure 4 shows the absorption and fluorescence spectra
in the region of the R lines at 70 K uncorrected for polar-
ization effects. (The effects of polarization on the spectra
are clearly shown in Ref. 3.) Both fluorescence and ab-
sorption spectra were taken at temperatures ranging from
10 to 300 K, but the structure in the R, and R, lines be-
comes most visibie around 70 K. These lines are inhomo-
geneously broadened with large linewidths, consistent
with results reported previously. 15" The fluorescence
spectra were obtained with cw excitation at 457.9 nm.
Both of the R lines in fluorescence exhibit a structure
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FIG 2 Absorption spectrum of emerald with 3 at. % Cr’*

at I'=70 K.
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FIG. 3. Fluorescence spectrum of emerald with 3 at. 9% Cr'!
at T=70 K using 488-nm excitation from an argon-ion laser.

consisting of four peaks, and some structure is also ob-
served ir absorption. The positions of these components
are listed in Table I. Each peak is designated with super-
scripts, but it is not clear how the peaks in R, correlate
with those in R,. Assuming that each of the peaks is as-
sociated with a different local crystal-field environment
for the Cr’* jon, and assuming the same oscillator
strength for the * 4 2% —+2Eg transition for each type of en-
vironment, it is possible to estimate the relative concen-
trations of the Cr’* ions in each of the different environ-
ments from the absorption spectra of the R lines. These
values are listed in Table L.

The decay kinetics of the fluorescence excitating at 588
nm were monitored using a boxcar integrator. The sig-
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FIG 4. High-resolution flunrescence and absorption spectra
of the R hines 1n emerald at 70 K. The vertical arrows indicate
excitation wavelengths used i site-selection spectroscopy. O D.
is the opuical density.
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TABLE L. Spectral properties of the R lines of emerald with 3 at. % Cr’* at 20 K.

Site
Parameter a b ¢ d e

Peak position ARI (nm)

Absorption 681.55 681.80 682.25 682.60

Fluorescence 681.80 682.20 682.30 682.60
Peak position A5 (nm)

Absorption 678.80 678.95 679.24 679.56

Fluorescence 678.95 679.25 679.50 679.65
Concentration o' ions

N, (X10"® cm™Y) 1.72 3.68 171.60°
Fluorescence decay time 7 (ms)

A,=678.94 nm 1112 1.436

0.317
A =679.24 am 1.859 1.079 1.610
0.707 0.351

A.=679.45 nm 1.540 1.575
Fluorescence rise time 1, (us)

A, =678.94 nm 83.89 218.7

A =679.24 nm 95.86 112.0 213.2

A, =679.45 nm 149.8 3o4.2

*This represents the sum of the concentrations of ions in sites ¢ and d since their transitions are not well
resolved; the transition from fons in site ¢ is too small to determine an accurate concentration.

nals were found to be single-exponential decays over two
decades between 12 and 200 K. The decay time of the
fluorescence was 1.7 ms at temperatures below 60 K.
This is slightly longer than the low-temperature lifetimes
reported by Kisliuk and Moore'® and by Hassan et al.’
In boin of these cases it was suggested that traces of Fe?+
ions quenched the Ce’* fuorescence. Above 60 K the

20 '
15 b
%
E o}
}J
os f
00 - ‘ .
0 50 100 150 200
T(K)

FIG. 5 Temperature dependence of the fluorescence lifetime
of emerald.

lifetime decreases with increasing temperature due 10
thermal population of the *T, level. The temperature
dependence of the fluorescence lifetime is shown in Fig,
5. A theoretical prediction for the temperature depen-
dence of the fluorescence lifetime can be obtained from
the expression

o =rp 1 lexp( —AE /kyT) . (0

Here it has been assumed that the 2E and *T, levels are
separated by an energy AE and their populations are in
thermal equilibrium. 7, and 7 are the intrinsic lifetimes
of these levels and it is assumed that the intermediate T,

TABLE I1. Spectral energy transfer parameters for emerald
with 3at. % Cr'* at 20 K.

From fitting the temperature dependence
of the fluorescence lifetime

AE 381 cm ™!
Tr 14 us
Tk 1.7 ms

From time-resolved site-selection spectroscopy results

1,(0)/1,(0) 0.085
Q 15.59 5172
R, 742 A
From fitting the fluorescence-decay kinetics
a" 457X 10°% cm®/s
D, 6.51x10°" cm¥/s
a’ 1598 A
R, 611 A

Theoretical prediction
D 46%10°* emi/s
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levels do not play a significant role in the spectral dynam-
ics.'® Using Eq. (1) with the intrinsic lifetimes and the
energy gap treated as adjustable parameters, the best fit
to the data is shown as a solid line in Fig. 5. The value of
the energy gap between the *E and the ‘T, levels is found
to be equal to 381 cm~!, which is in good agreement with
previous reported values.'®'" The intrinsic decay time of
the *T, level was found to be 14 us, which is close to the
values found from previous investigations.”'® The intrin-
sic lifetime of the *E level was found to be 1.7 ms. The
paramelers used in abtaining this fit are listed in Table I1.

I TIME-RESOLVED SITE-SELECTION
SPECTROSCOPY

Time-resolved  site-selection  spectroscopy (TRSSS)
measurements were used to characterize the properties of
shart-range spectral energy transfer between Cr** ions
with different crystal-field environments in emerald. A
mirogen-laser-pumped dye laser, using Oxazine 720 dye
with a narrow linewidth (<06 A) was used to selectively
excite the Ce** ions having a specific type of crystal-field
environment. Excitation in the R, line typically yields
three emission peaks in the R, line, and the energy
transfer is predominantly from ions in crystal-field envi-
ronments, resulting in higher-energy transitions to those
in environments having lower-energy transitions. Using
the labeling scheme from Table I, the ions with environ-
ments giving transitions @ and b act as sensitizers and
those with the environment giving transition d act as ac-
tivators. It was not possible to resolve the ¢ or e transi-
tions using nanosecond pulse excitation into the R, line,
and thus tons with environments giving rise to these tran-
sitions are also counted as activators. By taking spectral
scans of the fluorescence emission at different times after
the laser-excitation pulse, it was possible to characterize
the time evolution of the energy transfer between Cr’*
ions having different crystal-field environments.

The experimental apparatus for the TRSSS measure-
ments has been described previously.'* The emerald
sample was excited using three different laser wave-
lengths, 6789.4, 6792.4, and §794.5 A, which are shown
as vertical arrows in the R, absorption line in Fig. 4.
The fluorescence spectra, of the R, lines were then spec-
trally resolved through a 1-m monochromator and direct-
ed vnto a RCA-C31034 photomultiplier tube. The input
and output slits were maintained at 100 jun to ensure a
resolution of <0.4 A,

Figure b shows the typical fluorescence spectrum of the
R, lines at 20 K and at 1.00 ms after excitation at 6789.4
A. It was possible to resolve three separate peaks in the
fluorescence as shown in the figure. To study the spectral
energy transfer, il is necessary to know the area associat-
ed with each peak and how it evolves with time. To get a
good estimate for the area, the data were deconvoluted
with a curve-fitting routine that fitted three overlapping
Gaussian peaks to the fluorescence spectra. The separate
Gaussians are denoted by the dashed lines in Fig. 6, with
the overall fit shown by the solid line. The Gaussian
profile fits the data quite well. From the curve-fitting
routine it was possibie to obtain the total area, the peak
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F1G. 6. Fluorescence spectra of the R lines in emerald at 1.0
ms after the pulse after selectively exciting the R, line at 6789.4
A at 20 K. The dots represent experimental data points and the
dashed and solid lines represent the fitting with three overlap-
ping Gaussian curves.

wavelength and intensity, and the full width at half max-
imum for each Gaussian component.

The fluorescence risetimes and lifetimes of each of the
three peaks were monitored for each excitation wave-
length and temperature, and their values at 20 K are list-
ed in Table I. The two highest-energy peaks are both
double-exponential decays with fast risetimes, while the
lowest-energy peak is single exponential over two decades
with a much [onger risetime. The accuracy of the life-
times and risetimes is approximately £5%. To charac-
terize the properties of energy transfer between ions with
different types of crystzl-held environments, the two
highest-energy peaks are designated as being from sensi-
tizer ions and the lowest-energy peak as being from ac-
tivator ions, as discussed above. Figure 7 shows the
fluorescence spectra of the R | lines for four different tem-
peratures at 100 us after the three different excitation
wavelengths. As the excitation wavelength is shifted to
lower energy, the number of distinct peaks decreases un-
til there is only one fluorescence peak remaining, that be-
ing associated with the emission from the activator ions
excited by the lowest-energy excitation wavelength.
There is also very slight backtransfer from activator to
sensitizer sites, noticeable mostly at higher temperatures.
Figure 8 shows the fluorescence spectra at 20 K, for the
three excitation wavelengths, at five different times after
the pulse. The two highest-energy peaks (transitions
from sites a and b) evolve at approximately the same rate,
while the lowest-energy peak (transitions from sites ¢, d,
and e) evolves more slowly and becomes the dominant
peak at the longer times after the pulse.

The time evolution of the R lines is demonstrated in
Fig. 9, which shows the changes in the ratios of the in-
tegrated fuorescence intensities of the activator transi-
tion to that of the sensitizer transition. These areas are
taken from the fits of the experimental data with Gauss-
ian curves. There is an initial buildup of the ratios of the
relative area of the transitions and, at longer times alter
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the pulse, an equilibrium condition is approached.

The time evolution of the ratios can be modeled using a
phenomenological rate-parameter model. '8 The sensitiz-
er ions are those preferentially excited by the laser at a
rate W,, whereas the activator ions receive the energy
through energy transfer as well as a small amount of
direct pumping at a rate W,. n, and n, are the concen-
trations of the ions in the excited states, W, is the rate of
energy transfer from sensitizer to activator, and B, and
B3, are the fluorescence decay rates associated with each
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FIG. 7 Fluorescence spectra of the 2, hines in emerald for

Jditferent temperatures at 100 ps after the pulse after selecuvely
crciting the R, hine at ta) 67894 A, (b) 67924 A and ict 67945
A

QUARLES, SUCHOCKI, POWELL, AND LAI 38

type of ion. As noted above, the time-resolved spectral
data show that backtransfer from activator ions to sensi-
tizer ions is negligible at low temperatures and weak at
high temperatures. Therefore this process is neglected in
the analysis. The reason that there is no strong back-
transfer in this case is that the concentration of ions in
activator sites is much higher than the concentration of
ions in sensitizer sites and strong energy transfer occurs
among activator ions. This is discussed in detail in the
next section. With these assumptions, the rate equations
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describing the time evolution ol the populations of the
excited state are

dn
—(;le "— Y”X_‘Vm”x ' (2)
dn,

0l =W, ~-Bn,+W,n, . (3)

These equations can be solved assuming a &-function ex-
citation pulse and an explicit time dependence for the
energy-transfer rate. The solutions were obtained using
various types of time dependencies for W,, associated
with different types of energy-transfer mechanisms. It
was found that the best fit to the data was obtained with a
time dependence for the energy-transfer rate of ¢ ~'/2
The physical meaning of this time dependence is dis-
cussed below. The solutions of Egs. (2) and (3) in this
case are given by

n () =n(Oexpl =0t =20, (4)
n, (1) =n(0)expl —B,1)—exp( — B, —201'7?)]
+n,40)expl =B,1) , (5)

where the time dependence of the energy-transfer rate is
written explicitly as W,, =Qr~'"% The ratio of the in-
tegrated fluorescence intensities is proportional to the ra-
tios of the excited-state populations,
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FIG. 9. Time dependence of the ratios of the integrated
fluorescence intensities of the R, lines from Cr** jons in sensi-
tizer and activator sites for four different temperatures. The
solid and dashed lines represent the theoretical fits to the experi-
mental data using a rate-equation model.

1,70, =18, /B0 1,00k v /L0y, UBL/BS ) + 1 exp(2u /2 — 1), (6)

where /3, and 37 are the radiative decay rates associated
with the activator and sensitizer ions, respectively. The
solid and dashed lines in Fig. 9 represent the best fits of
Eqy. (6) to the experimental data, treating /,{0}// (0} and
{} as adjustable parameters. The values for these parame-
ters at 20 K are listed in Table I1.

The 1 ~'? variation of the energy-transfer rate is
characteristic of a single-step electric-dipole-dipole in-
teraction between randomly distributed sensitizers and
activators. This time dependence may still be observed
when additional energy migration among the sensitizer
ions is present. In order to determine the importance of
sensitizer energy migration compared to single-step
transfer, the change in the fluorescence intensity was
monitored as a function of time. This decay can be fitted
with an expression for the time evolution of the fluores-
cence with the cnergy-transfer rate expressed by an ap-

W, =47N,D,a'l} +a' (7D, )" )+ 417N, a" /3a"

propriate energy-transfer theory. In each of these
theories the excitation energy is treated as a mobile
Frenkel exciton localized on a specific ion and able to mi-
grate on a lattice of sensitizer ions. Analysis of the data
was attempted using several models and it was found that
the best analytical model for describing the transfer ki-
netics in emerald is that of Chow and Powell."® This
theory assumes that an exciton is created on the sensitiz-
er site and migrates among the sensitizers, and at each
step in the random walk the exciton has a possibility of
transferring its energy to any activator in the {attice. {t1s
also assumed for this model that the ion-ion interaction is
of electric-dipole~dipole type and that the seusitizer-
sensitizer interaction is large compared to that of the
sensitizer-activator interaction. Thus, the energy-transfer
rate is given by'®

+2eN,at [ Tdria” /e erfe((r —a') /4D, 0]}

~8aN,a’ [ Tdria” /r¥) erfe{(r —a') /4D, 1) ]}, v}
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FIG. 10. Time dependence of the fluorescence emission in-
tensity of one sensitizer site of Cr’* in emerald at 20 K. The
solid line represents the theoretical fit to the data using the
Chow-Powell model for energy transfer.

where N, is the total number of activators (1.716x 10%
cm~? as listed in Table 1), a”=R$B, is the parameter
describing the single-step transfer between a sensitizer
and an activator defined in terms of the critical interac-
tion distance R and the sensitizer intrinsic decay rate 3,
D, is the diffusion coefficient for the random walk among
the sensitizer tons, and a’ s the trapping radius of an ac-
tivator 1on.

Figure 10 shows the typical results of fitting this equa-
tion to one of the experimental decay curves. The agree-
ment between theory and experiment is excellent. The
vahdity of this theory is determined by the criterion that
mD,a*a” " '> 1. For 20 K the values obtained from the
fitting procedure are D, =6.51x 107" cm?/s, a’ =15 A,
and @ '=4.66% 107" ¢m®s, and these give a typical
value of 22.1 for th validity inequality. Thus the cri-
terion is met and we assume that this model accurately
describes the spectral energy transfer in emerald. This is
in good agreement with the results of previous studies
that predicted a dipole-dipole—interaction mechanisin for
cimerald from the analysis of fluorescence-line-narrowing
results.” Using the analysis of the data described above,
the values of D, were determined at several temperatures
and found to be essentiaily independent of temperature
below 100 K. Above this temperature it was difficult to
obtain an accurate analysis of the data because of thermal

line broadening.

IV. FOUR-WAVE MIXING RESULTS

Four-wave mixing (FWM) measurements were used to
characterize the properties of long-range spatial energy
migration n emerald. The details of the experimental
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setup used in this work were described previously in Ref.
20. Crossed laser beams from a ring dye laser were tuned
to 588 nm, in order to resonantly pump the ‘Tz band.
This establishes a population grating of excited Cr>* ions
in the sample. The total laser power used in this work
was about 300 mW. A He-Ne laser was used as the probe
beam and the signal beam was processed by a Princeton
Applied Research-EG&G signal averager. By chopping
the write beams on and off, the kinetics of the laser-
induced grating could be monitored. These are
influenced by the Auorescence decay and the spatial mi-
gration of Cr3* excitation energy from the peak-to-valley
regions of the grating. The primary measurements in-
volved in this work are the variations of the FWM signal
efficiency and decay rate with the crossing angle of the
write beams. The former provides information about ra-
diationless decay and excited-state~absorption processes,
while the latter provides information about the properties
of energy migration among the Cr** ions. Characteriz-
ing the energy migration is the main focus of this work.

For a simple s'ne-wave grating, the scattering efficiency
at the Bragg angle is given by?'

n=exp( —2aL){sin’(dm An /2X) +sinh*(d da/4)],

(8)

where a and L are the absorption coefficient and thick-
ness of the sample, and d is the thickness of the grating.
Making the assumption that there is little or no beam de-
pletion, and that the product of the grating thickness and
the modulation depth is small, Eq. (8) simplifies to

n=(r/204dAn ) + (1)} daa?) . (9)

For the type of population grating of interest here, it is
possible to estimate the value of Aa from the a stundard
rate-equation analysis of the populations of the energy
levels and the transitions between them, 2%

Aa=Nylyo (o, —0,)/ 2o, +hv/T), (m

where N, is the concentration of active ions, /[, is the in-
tensity of the write beams, 7 is the fluorescence lifetime,
and o, and o, are the ground- and excited-state absorp-
tion cross sections, respectively. A similar expression can
be derived for the change in An using an oscillator model
for the transitions.?> However, the results involve a sum
over oscillator strengths for all possible trunsitions and
this is difficult to calculate accurately.

One method for determining the contributions to the
FWM signal due to An and Aa is to measure the varia-
tion of the signal intensity with the crossing angle of the
write beams, 0.%° The angle at which the peak scattering
efficiency occurs is sensitive to the relative magnitudes of
the complex coupling constants which describe the in-
teraction among the four laser beams in the crystal, D,
and D,. The real and imaginary parts of D, and D, were
determined by using a Runge-Kutta technique to solve
the four simultaneous differential equations describing
the coupled waves in the crystal. The results were fitted
to the data using a computer fitting routine and treating

1, D}, D3, and D4 as adjustable parameters. The details
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of this procedure are described fully in Ref. 20 and the
values obtained for the coupling parameters are listed in
Table Il

The relationships between the coupling parameters and
the physical quantities of interest have been derived by
analyzing the interaction of the laser beams with the en-
semble of atoms. 2% The values of Aa, An, and T, are
given by

Aa= —2aD4/D} , (1
An =(ac/o)D5 /DY), (12)
T,=Quw/c)NAn/Aalw—w,) ", (13)

where a i1s the absorption coefficient for the write-beam
wavelength (@=5.57 cm™! at 588 nm), ¢ is the speed of
light, @ is the circular frequency of the write beams, and
w,, is the resonant frequency of the atomic transitions.
The dephasing time can be separated into two contribu-
tions,

Tr=T) T 4y, (14)

where y is the pure dephasing rate due to phonon scatter-
ing and T';"! represents the dephasing due to population
relaxation. The values obtained for these parameters are
listed in Table T, Using the value obtained for Aa in
Eg. (1. A value for the excited-stale absorption cross
section can be obtained, The magnitude of o, obtained in
this way agrees with the value of 2.79 % 107% ¢m? report-

ed from direct excited-state absorption measurements. 2
The FWM signal-decay kinetics were found to be
nonexponential and dependent on the crossing angie of
the write beams for all temperatures for which a signal
was visible. Above 160 K no FWM signal was observed,
J

[(=e 3 J(,(bt)e‘“"+a'fomdu e~ XU =Wy (b1t~

where r is the fluorescence lifetime, a’ is the exciton
scattering rate, and b is given by

b=manVg/45A . . (16)

Here, V is the ion-ion—interaction rate, n is the index of
refraction of the crystal, 8 is the crossing angle of the
write beams, and A is the wavelength of the write beams.
The average distance between uniformly distributed
chromium ions in this sample is estimated to be a=9.87
A

The FWM signal-decay kinetics were fitted using Eq.
(15), treating a’ and b as adjustable parameters. In order
to emphasize the effects of energy migration, both the ex-
perimental data and the theoretical expression were di-
vided by expl —2t/7), which eliminates the fluorescence-
decay contribution to the signal kinetics. A typical
theoretical fit to the data is shown in Fig. 11. The excel-
fent fit to the nonexponential shape of the curve indicates
the presence of long-mean-free-path exciton migration.
The values of a’ and V obtained in this way can be used

TABLE III. Results of the four-wave mixing measurements
in emerald with 3 at. % Cc** at 12 K.

Results from scattering-efliciency measurements

D 2.0 [0~¢

D 8.0x10°°

D 50% 1077

D) 4.0x 107’

Aa 0.22 cm™!

An 1.ax107*

T, 12x107% 5

71 (absolute value for 6=5.3%) 4.0x10°?

a; 2.8x 107 cm?
Results from grating-decay-kinetics measurements

v 1.91x 10* s~

a’ 2.55%x 10" s~

D, 2791077 cm¥/s

L, 1.05x 107% em

Lp 3.06%x 107° cm

N, 106

and this can be attributed to the small value of the
fluorescence lifetime al these temperatures.?’ The signal
kinetics are consistent with the predictions of the theory
of Kenkre, *® which describes the decay of a laser-induced
grating in the presence of long-mean-free-path exciton
migration. Again, it should be emphasized that the term
exciton in this case refers to a Frenkel exciton in which
the excitation energy is focalized on an individuat Cr’*
ion and can migrate on a lattice of Cr’* ions. In the
Kenkre model, the time dependence of the normalized
FWM signal is given by

2
w0, (15)

{

to calculate the parameters for characterizing the dynam-
ics of the excitation migration. These include the reso-
nant diffusion coefficient, the mean free path, the
diffusion length, and the number of sites visited between
scattering events,

D, =2Vit/a, (an
L,=1.414V,/a", (18)
Ly=(2D,n)'"?, {19)
N,=L,/a. (20)

The values of a', V, D, L, L;, and N, were calculated
for each temperature and the values obtained at low tem-
perature are listed in Table I11. It should be pointed out
that the expressions in Egs. (17)-(20) are for migration
on a uniform lattice and thus should be considered as ap-
proximate values for the random lattice associated with
the case of interest here.

Figure 12 shows the temperature dependences of the
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ion-ion-interaction rate and the scattering rate. Both a'
and V increase with temperature in this range. The in-
crease in the former can be attributed to increased
scattering by acoustic phonons. The theoretical treat-
ment of Frenkel exciton scattering by acoustic phonons
has been developed by Agranovich and co-workers.®
The results of their work show that the scattering rate
should increase as T3/? and the dashed line in Fig. 12(a)
shows this type of variation. This provides a reasonable
explanation for the experimentally observed temperature
dependence of a'.

The temperature dependence of V can be attributed to
the relative increase in the vibronic sideband emission
compared to the R-line emission as temperature is raised.
This causes an increase in the overlap between the emis-
sion and absorption spectra and an increase in the total
emission rate. Both of these factors cause the ion-
ion~interaction rate to increase. This can be approxi-
mated by

VIT)=Cr NI /1), @21

where the I's represent the intensities of the two com-
ponents of the fluorescence spectrum and C is a propor-
tionality constant. Using the values of the relative inten-
sities and the fluorescence lifetime measured experimen-
tally in Eq. (21) gives the theoretical points shown in Fig.
12(b}, which are in good agreement with the experimen-
tally determined temperature dependence for V.

Using Eq. (17), the diffusion coefficient for long-range
resonant exciton migration can be determined. Figure 13
shows the results obtained using the experimental points
for V'and a’. The solid line in the figure is obtained using
the theoretical curves given in Figs. 12(a) and 12(b).
There 1s a good agreement between the two results.

10 T T T
8l ° 1
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FIG. 13, Temperature dependence of the ex-iton dufusion
coefficient obtained from FWM data. The sohd tine cepresents
the theoretical prediction for D,
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V. SUMMARY AND CONCLUSIONS

Laser site-selection spectroscopy shows that the Cr'*
ions in emerald have different types of local crystal-field
environments, The origin of these different environments
cannot be determined from available spectroscopic infor-
mation. The beryl host structure does not have distinctly
different lattice sites for the AP ions for which the Cr**
ions substitute. However, this type of spectral structure
has been observed for many types of optically active ions
in crystals and is generally attributed to two possible
sources. The first is microscopic strains associated with
neighboring lattice imp:rfections (either point defects or
disfocations).  The second is exchange interaction be-
tween pairs of Cr?* ions. The identification of the origin
of the spectral structure in emerald requires further work
with a variety of samples having ditferent concentrations
of defects and of Cr’* jons. However, it is not necessary
to know the exact nature of the inequivalent environ-
ments to analyze the general dynamics of the energy-
transfer processes in the material, which is the central in-
terest of this work.

The results described here indicate that there are two
different types of energy-transfer processes taking place
in emerald. The first is short-range spectral migration
among Cr'* ions having different types of local crystal-
field environments, while the second is long-range spatial
migration among Cr’* ions having resonant transition
energies. The former evolves from ions having local envi-
ronments {eading to high-energy transitions in the spec-
tral profile to wns having local environments leading to
Jow-energy transitions. The relative concentration of the
latter type of tons 1s about 2 orders of magnitude greater
than the former. In this case the spectral transfer is con-
sistent with an electric-dipole-dipole interaction mecha-
wism and is independent of temperature at low tempera-
ture.  LYhe latter type of spatial transfer mvolves a
stronger mteraction mechanism between ions in the more
concentrated type of environment, and the transfer rate
increases with inereasing temperature due to the increas-
ing importance of vibrome emission.

For both types of energy transfer observed in this
work, the multistep migration of energy 1s modeled as a
mobtle Frenkel exciton with excitation energy localized
on an individual Cr' ion. Theoretical estimates can be
made for the diffusion coefficient describing this type of

For incoherent hopping migration via dipole-

process,
30,31

dipele interaction, the diffusion can be expressed as
D, =4rN R /6r0) [ TR “Texpu—4mN RY/3)dR
{22)

Here, ¥, 1s the concentration of tons in the type of site
transferring the energy and r s the fluorescence decay
time of these wns. K, is the eritical interaction distance
which can be determined from the overlap of the emus-
ston and absorption spectra of the ions between which
transfey 15 occurnng. The lower limit of the mtegrai is
taken to be the nearest-neighbor distance of 4.6 A. The
value of 1, calculated from this expression using mea-
sured spectral data 1s listed in Table I1. The result 1s the
same order nf magnitude as that determined from the ex-
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perimental results described above. This is also con-
sistent with the values obtained for the diffusion
coeflicient in other materials measured under similar con-
ditions.

The order of magnitude of the diffusion coefficient
describing long-range resonant energy migration s
significant!ly larger than the spectral diffusion coefficient.
If Eq. (22) is solved using the greater concentration of
lons in sites ¢, d, and e, a value is predicted for lhe
diffusion coefficient of the order of 4x10'° c¢m?s~,
which is still much smaller than the diffusion coefficient
determined by FWM results. The only way the highes
values of the diffusion coefficient to be predicted theoreti-
cally is to assume a stronger mechanism of the ion-ion in-
teraction. If the energy transfer takes place by exchange
interaction, Eq. {22) 1s replaced by*?

D“=(27rN,PO/3)f)wR‘exp[—~(2R /L +4aN,RY /3],
{
’ 23

where L is the average Bohr radius of the :lectron wave
functions and P, is a constant that depends on the spatial
overlap of the wave tunctions and the spectral overlap in-
tegral. These parameters have not been delernuned
specitically for emerald, and thus an exact value for D,
cannot be obtained for this system. However, for Cr’*
ions in Al,O; (ruby) these parameters have been found to
be''3 £=097 A and P,=4.3x 10" s=" Using these
values in Eq. (23) gives D, =107 7 cm?s™!, which is in
good agreement with the value of D, obtained from
FWM measurements. The value of L will always be close
iv 1 A, but P, can vary appreciably from host to host.
The nearest-neighbor spacings between Cr’* ions in the
ruby lattice are smaller than in emerald, but the concen-
tration of Cr®* jons present in our emerald sample is
much greater than in most ruby sampics.”'” Thus the
predicted value of D, obtamed from Eq. (23) must be
taken as oniy a rough estimate for emerald. However,
the pornt of this analysis is to show that a strong, short-
range mnteraction mechanism such as exchange can lead
to a diffusion coefficient of the order of magnitude of that
obtained from FWM measurements.

It should be emphasized that there is no discrepancy
between the results of TRSSS and FWNM measurements.
The former probes the properties of energy transfer from
ions in a specific type environment to ions in other types
of environments. These results are strongly affected by
the fa-: that the concentration of ions 1n activator envi-
ronments is significantly greater than the concentration
of ions in sensitizer enviromments. This leads to a
dipole-dipole interaction with negligible backtransfer.
On the other hand, the FWM measurements are only sen-
sitive to energy migration of distances of the order of o
grating spacing. Thus the energy transfer measured by
this method takes place among the ions in the higliest-
concentration environment tirough a strong interaction
mechanism such as exchange. Both types of measuie-
ments are necessary to obtain a complete picture of the
different types ol energy-transfer processes taking place
in the sample.

The value obtained {or D, is similar to that obtained
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for alexandrite.?® However, the temperature dependence
of D, is quite different in alexandrite and emerald. In
both materials the scattering rate limiting the mean free
path of the excitons was found to increase with tempera-
ture.  However, at low temperatures the ion-
ion—interaction rate in alexandrite is independent of tem-
perature, whereas in emerald it increases with tempera-
ture. This is because the vibronic emission transitions be-
gin to become important at much lower temperatures in
emerald than in alexandrite, as can be seen from their
fluorescence spectra. This 1s associated with the weaker
crystal field at the site of the Cr** ion in the emerald host
compared to alexandrite.

The dephasing time found for emerald is less than the
values found from ruby and alexandrite.?’ This follows a
trend of decreasing T, with decreasing crystal-field
strength. Assuming the dephasing is dominated by the
radiationless relaxation to the bottom of the 2E potential
well, the dependence on crystal-field strength implies
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direct relaxation in the *E level instead of initial relaxa-
tion in the *7’, level. Since the two states are mixed, the
branching ratio for radiationless relaxation will be deter-
mined by the relative densities of states at the terminal
point of the absorption transition. For the materials in-
vestigated thus far, the branching ratio in the 2E level
will be much greater than that in the *T, level. For hosts
with smaller crystal-field strengths the relative magni-
tudes of these branching ratios will be quite different.
Therefore, making similar measurements on low-crystal-
field-strength materials is an important test of this model
for interpreting the T, results.
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Four-wave-mixing (FWM) experiments were performed on a Cr**-doped transparent ceramic
material with the composition of cordierite. Whereas no FWM signal could be observed in a nor-
mal glass of this type, a strong signal was observed after devitrification. The signal strength in-
creases as temperature is lowered, even though the fluorescence lifetime is constant. The variation
of the signal strength and decay rate with crossing angle of the write beams shows that there is no
Jong-range energy migration, and the dephasing time due to radiationless processes in the excited
state is very fast compared to Cr’"-doped crystals. The increase of the signal intensity with laser
power shows the effects of saturation and excited-state absorption.

I. INTRODUCTION

Glass ceramics are highly attractive materials for
many ontical technology applications because they com-
bine the properties of crystals with the advantages of
glasses.!? Several different authors have suggested the
application of Cr**-doped transparent glass ceramics as
lasers and other luminescent devices.’~7 In earlier publi-
cations®™'"" we reported a technique for synthesizing a
transparent glass ceramic similar to cordierite without
any nucleating agent other than Cr’*. This particular
technique results in a high concentration of Cr** ions,
with most of them being in the crystalline phase. The
fluorescence properties of this material were also report-
ed.® " The luminescence consists mainly of a broad
line centered around 693 nm, with a width of approxi-
mately 250 ecm~! at room temperature. This fluores-
cence comes from the *E-* 4, transitions of the Cr™ ~ s
in the MgAl,O, crystalline phase. The significant 1..0-
mogeneous broadening was attributed to a cation disor-
der in this phase.

In this paper, we report the results of further investi-
gations of the spectroscopic properties of this material
using four-wave mixing (FWM) spectroscopy. This tech-
nique has been shown to be a powerful tool in character-
izing the spectral dynamics of rare-earth and transition-
metal ions in crystalline hosts.'"'? The results obtained
in this work show that devitrification allows FWM sig-
nals to be observed in glass ceramics whereas no signal
could be observed in the normal glass. The properties of
the variation of the signal with laser power, write-beam-
crossing angle, and temperature provide information
about the pumping, decay, and energy-transfer charac-
teristics of the Cr'* ijons in this type of host material.

I1. EXPERIMENT

The base glass used to obtain the glass ceramic has the
following composition tin. mol %) 56.9 Si0,, 22.36
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Al,O4, 20.39 MgO, and 0.35 Cr,0,. This is close to the
mineral cordierite and contains 1.77% 10* Cr atoms per
cm?®. The glass ceramic is obtained by heating the glass
to 950°C. The final sample is about 68% crystallized.
The crystalline regions are about 350 A in diameter and
their composition is Mg (Al,_,Cr },04 Since x is
much less than 1, the particles are similar to chromium-
doped spinel crystals.®

The experimental setup used for the FWM measure-
ments is shown in Fig. 1. The 514.5-nm line of a Spectra
PPhysics argon laser was used to excite the high-cnergy
side of the *A,-'T, absorption band of the Cr’' ious.
An argon-laser-pumped jet dye laser with rhodamine 6G
tuned to 571.5 nm was used to excite the low-energy side
of the same absorption band. The total power was
varied using a variable neutral-density filter. The laser
output was split into two beams which were slightly fo-
cused and crossed inside the sample to form an interfer-
ence pattern in the shape of a sine wave. The difference

pulse
generatar
/\ﬁ,_k_____. . | I Ar' Laser
~ N
SN
N ND
N
N
. A
N N “
_ SR o [RSEISO S _[
ey ‘iw
v N
'™ Monochromator | —— .ae ... _?\ Nm
" !

1ecarder

FIG ' Caperimental setup for FWM measurements. CH
chopper; ND, variable neutral-densuty filter; M, mirror; B3,
beam splitter; and PM, photomultiplier tube.
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in the optical path lengths of these two write beams was
less than the coherence length of the laser.

The interference pattern of the crossed laser beams in-
duces a change in the complex refractive index of the
sample with the same spatial pattern. This appears as a
refractive-index grating which can be probed by scatter-
ing a read beam produced by a 10-mW He-Ne laser at
632 8 nm. The maximum signal intensity is obtained for
the Bragg scattering condition. For this situation, the
read beam is slightly misaligned from being counter-
propagating with one of the write beams and the signal
beam is slightly off counterpropagating with the other
write beam. A mirror was used to pick off the signal
beam and send it through a 0.25-m monochromator to
eliminate sample fluorescence. The signal was detected
by a Hamamatsu R1547 photomultiplier tube, processed
by an EG&G/PAR signal averager, and read out on a
strip-chart recorder.  For transient measurements, a
mechanical chopper was used to turn the write beams off
and on. To determine the temperature dependence of
the FWM signal, the samp'e was mounted on the cold
finger of a cryogenic refrizerator with a temperature
controller capable of temperature variation between
about 15 and 300 K.

i, DESCRIPTION OF RESULTS

FWM experiments were attempted on the normal
glass sample, but no signal could be observed at any
temperatures. On the other hand, for the glass ceramic
a strong FWM signal was observed for both the 514.5-
and 571.5-nm excitation lines. The scattering efliciency
was measured to be approximately 0.01 with the 514.5-
nm excitation at a write-beam intensity at 1.3x10*
Wem~™2 When exciting with the 571.5-nm line at a
write-beam intensity of 3.8 10 Wcm~2, the scattering
efliciency was found to be approximately 0.002. In addi-
tion, a thermal lensing effect was also observed with the
514.5-nm excitation line, becoming significantly imnor-
tant at intensities greater than 4.0% 10> Wem™2, and
leading to the destruction of the FWM signal above
1.3 10" Wem™ 2 For this study, we restricted the laser
power (o below 5.0x 10" Wem ™2,

When the 'wvrite beams were chopped ofl, the decay
rite of the FWM signal was measured to be equal to
twice the measured 2E-* A, luminescence decay rate for
all crossing angles of the write beams. The same result
was obtained for both excitation wavelengths at all tem-
peratures. This is the normal behavior for a population
grating without the presence of any long-range energy
migration,

The scattering efliciency was measured for different
write-heam crossiro angles using the 514.5 nm laser line.
At room temperature and relatively high power
(38« 10" Wem ), the angular dependence of the FWM
signai 1s shown in Fig. 2(a). The observed behavior with
a rather flat angular dependence is quite unusual. When
the power is decreased to 6.4 x 10 Wem ™2, the angular
dependence changes drastically, as shown in Fig. 2(b). A
change in the shape of the angular dependence is also
ohserved when the temperature is lowered to 120 K [Fig.
200,
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The intensity of the FWM signal was monitored as a
function of temperature and found to increase as the
temperature was lowered. Typical results are shown in
Fig. 3. The same type of temperature dependence of the
FWM signal was observed for both excitation wave-
lengths. The temperature dependence of the lumines-
cence decay rate was also measured for this sample and
no change was observed in this temperature range. The
temperature dependence of the FWM signal intensity
from a population grating is generally proportional to
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FIG. 3. Temperature dependence of the FWNM scattering
efliciency for an excitatton wavelength of 514.5 nm.
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the temperature dependence of the Auorescence lifetime,
Since this 1s not the case for the glass ceramic studied
here, other temperature-dependent processes must be
affecting the FWM signal.

The FWM scattering efficiency was also recorded as a
function of total laser power in the write beams and the
results are presented in Fig. 4. With the 514.5-nm exci-
tation line [Fig. 4(a)], the signal intensity follows approx-
imately a quadratic dependence on the writing-beam in-
tensity (£, =(1,1,)""?] at low powers. Above 4.0x 10°
W em ™2 the signal tends toward a saturation level. With
the 371.5-nm excitation line [Fig. 4(b)] the signal follows
a fourth-law dependence on laser power with no ob-
scived saturation.

IV, DISCUSSION

For the type of sample investigated here, the FWM
signal is associated with the scattering of the write beam
from a laser-induced population grating. The grating
arises from the modulation of the complex refractive in-
dex of the material due to the difference in the polariza-
bility of the Cr®* ions in the ground state and excited
state.”® The absence of a FWM signal in the base glass
is not snrprising due to the very low quantum yield of
Cr’* ions in this host even at low temperatures.>'* This
is associated with strong nonradiative relaxation for
Cr’ " ions in weak crystal field sites.

For a holographic grating, the FWM scattering
elficiency is expressed in terms of the contributions from
the modulated absorption and dispersion parts of the re-
fractive index as'’

y=expl —2a,D)sinh?(Aal /2 +sinXaTAn/0)) . (D

Here U=d /cost28) where d is the grating thickness and
U 1s the crossing ungle of the write beams in the sample.
As a first approximation, the contribution from the ab-

Isignal (arb. units)

8] 1 2 3 4
I (kW /cm?)

FIG. 4. FWM scauening cthiviency vs 1otal wrile-beam
power tor tay SE45 excrtation and thy ST1.5-nm excitanion, (See
text for explanation of the theoretical lines,)

sorption part can be neglected and the sine function ex-
panded. This predicts that the signal intensity /, will be
proportional to the square of the modulation of the re-
fractive index, An,

L« |An|?, (2)

In the absence of any long-range energy migration, Au
will decay with the decay of the excited-state population,
and therefore

I, (=1Isexp(=2t/1;) (3)

where 7, is the fluorescence lifetime. In this glass
ceramic sample, the 2E fluorescence decay is highly
nonexponential due to the wide distribution of crystal
field sites and the presence of strong ion-ion interac-
tions.'® In this case, we define the lifetime as the 1/e
time of the decay of the fluorescence intensity. The
FWM signal exhibits the same degree of nonexponential-
ity, and thus the 1/e definition is again used for the sig-
nal decay time. Typical fluorescence and FWM signal
decays are shown in Fig. 5. Equation (3) predicts that
the FWM signal will decay with a decay time equal to
half that of the Auorescence decay. This corresponds ex-
actly to what we observe and holds for all times of the
nonexponential decays for our glass ceramic sample.
Thus we attribute the FWM signal to scattering from a
population grating of Cr’* ions in the *E excited state
without any long-range energy migration, at all tempera-
tures in the range 20-300 K. The sample consists of mi-
crocrystals of about 400 A diameter embedded in a glass
matrix, and the grating spacing is ol the order ol 10000
A. Since the FWM signal is only sensitive to energy mi-
gration over distances of the order of the gratimg, it is
not surpnsing that no long-range encrgy transter iy ab-
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served. We expect some energy diffusion within each
microcrystal, but not between dilferent microcrystals.
This is similar to what has been observed in
semiconductor-doped glasses.'®

Assuming a simple two-level model for the atomic sys-
tem, equations describing the FWM scattering efficiency
versus crossing angle have been derived,'! but no analyt-
ic solution has been obtained for these equations. To an-
alyze the experimental results, the two coupled, complex
differential equations needed to describe the FWM signal
are solved numerically using a fourth-order Runge-
Kutta method. The numerical values of the coupling
coeflicients obtained by fitting this model to experimen-
tal results can then be used to determine the laser-
induced modulation of the absorption Aa and dispersion
An parts of the retractive index.'! Theoretical fits to the
data are shown as solid lines in Fig. 2 and the values of
the fitting parameters are listed in Table I. Using these
results, the dephasing time of the atomic system T, can
then be calculated from the expression'!

Iy==12m/700An /Aalw - w7t (4)

where e, is the ceonter frequency of the transition. The
values of 17, obtained trom this analysis are reported in
Table 1. Depending on the temperature and excitation
power, the dephasing time varies from 10.2 to 53.4 fs.

In previous work of this type on Cr** crystals,'' the
magnitude of the dephasing time has been related to the
energy gap between the ‘T, and *E levels. The smaller
this gap the smaller T,. However, for the glass ceramic
the average energy gap is greater than 1400 em ™', which
is consistent with the observation of a constant fluores-
cence decay time between 10 and 300 K. Extrapolating
the crystal results to this value of AE predicts a dephas-
ing time of the order of several prcoseconds. However,
the glass ceramic has a much greater degree of inhomo-
geneous broadening not present in the crystalline hosts. '°
The broad distribution of crystal field strengths for the
Cr** sites results in some of them having the relaxed
T, level below the ‘E level. This is shown by the obser-
vation of weak tuminescence from the *T, level along
with the strong luminescence from the ’E level." The
observed nonlinear polarization responsible for the
FWM properties is due to a combination of the individu-
al nonliear polanzabilities of each of the Cr’* jons. In
addition, strong mteractions between the Cr'* jons and
clectron-plionon  interactions  are  present.  This s

demonstrated by the strongly nonexponential lumines-
cence decay curves. The dephasing is mainly governed
Ly the fastest relaxation mechanism, even if this involves
only a small part of the total Cr** ions.

The results listed in Table I indicate that the FWM
signal arises mainly from a dispersion grating. At low
temperatures, the contribution from the absorption grat-
ing is more important. The values of An and Aa listed
in Table I were obtained by fitting the experimental data
of the relative signal intensity versus the crossing angle
of the weite beams. However, the value obtained this
way for An is consistent with that calculated from the
absolute value of the scattering elliciency at room tem-
perature, assuming negligible contribution from an ab-
sorption grating.

A theoretical expression for the modulation of the ub-
sorpticn part of the refractive index can be derivea from

the rate equations describing the atomic system.'” For
the simplest case, the absorption is given by
(1(,:011V|+U21V2 R t5)

where NV, and ¥V, are the populations of the ground and
excited states, respectively, and ¥V =N, +N, represents
the total number of Cr** ions per unit volume. o, and
o, are the absorption cross sections in the ground and
excited states, respectively. Under cw pumping, the
solutions of the rate equations give

(N, = NVN)=N[lof —hv/r)/ad +hv/7,)] . (6)

The intensity of the laser interference pattern inside the
sample varies sinusoidally as [ =/,[1+sin(k-r)]. The
amplitude of the laser-induced modulation of the absorp-
tion coctficient is'’

Aa=N,lg,~0,1/2, (7

where .V, is the excited-state population in the peak re-
gion of the grating, given by

Ny, =2N1yo, /2o +hvr '] 8)

Using the same model, the modulation of the disper-
sion part of the refractive index can be found by treating
the atoms as damped harmonic oscillators.'® In this case
the dispersion part of the refractive index is given by

nl-1=3 (N, f(w! =0 ) /[0l =0+ (wy )], (9)

where i refers to all different possible transitions with os-

TABLE 1. Parameters obtained from FWM measurements.

T=300 K T=120 K
Parameter P=64-10" Wem™? P=38<10" Wem™? P=38x<10" Wem !
At fem ) 0.24 013 n.97
An 1.36 <10 °? 5.33%10°° 1.07x 107}
I', Isec) 534 10" 379 10" 1.02:< 1071
i dar 117210 ¢ 127 <107 712< 10"
niAnt 20551071 VTR0 1.98 < 1072
Ninenr 2.09.<10°¢ UROEVR TV R 1.98 ¥ 107!
Moo 160> 1074 250 10 ¢ 230x 1077
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cillator strengths f, at frequencies w;, and widths y,, If
the laser frequency is near resonance with only one
ground-state and one excited-state transition, the other
terms in the sum can be neglected and combining Egs.
(6), 18}, and (9) gives an expression for the modulation of
the dispersion part of the refractive index,

an =(V¥,,/2n,)
X falwi—w)[twi—w P + 30’ ]!
—fl(wf—wz)[(wf—w2)1+}'f(uz]"'l , (10}
where ny is the refractive index of the unperturbed sam-
ple.
Equation (1) along with Egs. {5)-(10) can be used to
interpret the observed temperature and power depen-
dences of the FWM signal. The data in Fig. 3 indicate

that the temperature dependence of the scattering
efliciency can be described by

W Ty =ny(Qexpl =T /T, , (n

where 7.=165.5 K. For th- glass ceramic in the range
of temperatures investigated here, the absorption
coefficient (and thus the ground-state absorption cross
section) and the fluorescence decay time are both con-
stant with temperature. Thus Egs. (7)=(11) imply that
the observed temperature dependence of the FWM sig-
nal is associated with the spectroscopic characteristics of
the excited state. The increase in the FWM signal inten-
sity as temperature is lowered would be consistent with
an excited-state absorption transition whose width de-
creases or whose oscillator strength increases at low tem-
peratures. Although these are normal spectral tempera-
ture dependences, at the present time, no specific data
are available on the excited-state absorption characteris-
tics of this sample.

The same simple two-level system model! predicts that
the power dependence of the scattering efficiency is
governed by the excited-state population N,,, which is
proportional to the incident laser intensity, and thus

ne | 1,2, (12)

This theoretical prediction is consistent with the data
shown 1n Fig. 4(a) for 514.5-nm excitation at lower
powers. Above about 4.0x 10> Wem™? a deviation from
the quadratic dependence is observed.

Several phenomena can contribute to the deviation
from a quadratic power dependence. First, saturation of
the excited-state population can occur.'™?° The “satura-
tion tntensity” of a two-level atomic system is given by "

I, =(exc/20A /ur, Ty, ad»

where ju is the electric dipole moment, u’=2fae,/
N&kT,. The calculated value for the laser power needed
to saturate the population of the *E level in this sample
15 9.0} 10° Wem 2 This calculation does not take into
account  the effects of inhomogeneous broadening.
Second, thermal lensing becomes important above
3.8 <10 Wem ™% This can contribute to the destruc-
tion of the grating through thermal effects and, in addi-
tion, produce a selt-focusing effect that increases the
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power density of the write beams inside the sample. The
Jatter effect would make it possible to reach saturation of
the 2E population at a lower laser power than that pre-
dicted theoretically.

The power dependence of the scattering efficiency for
571.5-nm excitation can be described by a fourth-power
dependence on the total laser intensity. This implies
that the nonlinear interaction between the excitation
teams and the ions occurs through the fifth-order sus-
ceptibility, ¥'>". The most important contribution 1o V>
usually arises from the population of an intermediate
state.?"?? This can occur through cither two-photon ab-
sorption or excited-state absorption processes. Excited-
state absorption is known to be impartant in other types
of Cr’*-doped samples.’>** For examplc, wi excited-
state absorption band is located around 18000 cm ' o
ruby.** The strength of the crystal field at the site of the
Cr** ions in our sample is similar to that of ruby, and
thus we can expect a similar excited-state absorption
band to be present. The 517.5-nm (17 500-cm ") excita-
tion is close to the maximum of this excited-state ab-
sorption transition, whereas the S14.5-nm (19440-cm ')
excitation is on the edge of the band. This could explam
the observation of excited-state absorption cffects with
the former excitation wavelength and not the fatrer.
However, as noted above, no information on excited-
state absorption is currently available for the type ol
sample investigated here.

The observed power dependence suggests that high
scattering efficiency can be achieved with 371.5-mmn exci-
tation. For example, considering the measured value of
0.002 for an intensity of 3.8% 10 Wem 2, extrapolation
to higher power densities of the order of 1.0x 107
Wem 2 should produce a scattering efficiency of ap-
proximately 0.094. Such high scattering cfliciencies wie
associated with the contribution from ¢*', which may be
related to the high Cr’" concentration and the long
excited-state lifetime of about 6 ms.

V. CONCLUSIONS

This work represents the first investigation of four-
wave mixing properties ol a transparent glass ceramic
material. Since no FWM signal can be observed in the
normal glass whereas a strong signal was observed in the
ceramic sample, these resulis demonstrate that
devitrification drastically enhances the strength of
FWM. The observed characteristics of the FWM signal
provide information about the spectral dynamics of Cr**
ions in this type of material. The properties of the
FWM signal are consistent with scattering from a laser-
induced population grating of Cr’* ions in the *E level.
The variation of the signal with temperature and laser
power indicate that the properties of the FWM signal
are governed by the spectroscopic characteristics of the
excited state. No long-range energy migration takes
place in this sample, probably due to the separation of
the microcrystals. The mhomegeneous broadening due
to random disorder in the crystal field sites along with
ion-ion interaction leads (o a fast dephasing time of the
atomic system. The maximum signal strength s limted
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by thermal lensing and saturation elfects. However,
scattering efliciencies as high as a few percent were ob-
served, indicating that this type of transparent glass
ceramic may be an attractive new material for FWM ap-
plications such as optical switching and phase conjuga-
tion. A final important aspect of this work is showing
the usefulness of TWM techniques in studying the opti-
cal properties of ions in crystals. Somewhat different ap-
plications ol this technique used on other types of ma-
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terials have been published since this manuscript was
originally prepared.?
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The absorpiion and fuorescence spectra and fluorescence lifetimes of Cr'* jons in two garuetl hosts, GdGa,0y; and
Gd\Se,Ga,0y,, were measured as a tunction of temperature. In addition, laser-induced grating measurcments were atade as a
function of laser power and wrilc beam crossing angle for various temperatures between 10 and 300 K. For short wniting times,
Cr'* population gratings are produced and the observed signal dynamics were uscd 10 delermune the propertics of exciton migra-
tion in these matertais. The exciton diffusion cocefficient for GdGa,0,,:Cr'* was found 1o decrease as temperature is raised
while in Gd,Sc,Ga,0,,:Ce** the diffusion coefficient increases. Contributions 10 the laser-induced gratings from absorption and
dispersion changes were delermined and this was used to provide information on radiationless decay and excited state absarption
mocesses, The differences in the resuits obtained on these two materials are attributed to the spectrai effects produced by the
diffesent crystal field splittings of the Cr** energy levels. For long writing times, long-lived changes in the refractive index were

also observed and attribuied 1o oplically induced color centers.

1. Introduction

Garnet crystals such as Gd,Ga,0,, (GGG) and
Gd\Sc,Ga\0,, (GSGG) have been used as host ma-
terials for lasers with Cr’* and Nd** as the active
ions. The fundamental optical spectroscopic proper-
ties of these materials have been measured [1-14]
but many of the details of the optical properties have
not yet been studied. It is especially important to un-
dersiand the process of energy iransfer among the
chromium ions since this can effect the lasing char-
acteristics of Cr?* lasers and the efficiency of sensi-
tizing Nd>* ians in double-doped laser crystals, We
report here the results of a study of Cr? *-doped GGG
and GSGG crystals using both standard spectroscopy
techniques and the technique of four-wave mixing
(FWM) to produce laser-induced gratings (LIGs).
The results obtained on energy migration among the
Cr’* ions are significantly different for the two gar-
net hosts. This is attributed to the different magni-
tudes of the crystal field splitting of the Cr** encrgy
levels The effects of optically induced color centers

Permancent address: Inshitsie of Physics, Polish Academy of
Sciences, Al Lotnikow 32/46,02-668 Warsaw, Poland.

0301-0104/88/% 03.50 © Elsevier Science Publishers B.V.

( North-Holland Physics Publishing Division )

are also observed with LIG spectroscopy.

The GGG:Cr*t sample used {or these experi-
ments was 1.5 mm thick. The average concentration
of Cr** ions was 0.5 a1, but color gradients i the
crystal indicate a nonuniform distribution of chro-
mium. The majority of the measurcments reported
here were performed on the dark green part of the
crystal, where the Cr'* concentration was highest.
The GSGG:Cr** was 0.55 cm thick with 0.5 a%
Cr’* and no obvious color gradicents. The Cr'! jons
substitute for the Ga’* ions in GGG and for the S¢*!
ions in GSGG. This results in a local crystal field site
with an octahedral coordination of oxygen ions in the
garnet lattice [7,15). The presence of different types
of crvstal field sites for Cr’* in GGG has been rec-
ognized previously [ 7] and attributed to the statisti-
cal occupancy of the next nearest neighbor sites with
Gd** instead of Ga**.

The sample was mounted on the cold finger of a
cryogenic refrigerator with a temperature controller
which allowed the sample temperature to be main-
tained 1o about +0.5 K between 10 and 300 K, The
absorption spectra were taken on an IBM 9430 UV~
visible spectropholometer. The fluorescence spectra
were recorded with the use of a 1 m Spex mono-
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chromatorand an RCA C31034 photomultiplier tube.
[xcitation was provided by either a Spectra Physics
cw argon ion laser or by a pulsed Molectron nitrogen
lascr-pumped dye laser using a solution of oxazine
720 and rhodamine B in ethanol and DMSO [16].
FFor chopped cw excitation an EG&G/PAR model
128 lock-in amplififer was used to enhance the sig-
mal-to-noise ratio, white for pulsed excitation an
EG&G/PAR model 165 boxcar averager was used.

IFour-wave mixing was uscd to establish and probe
lascr-induced gratings. The LIG measurcments were
performed using either the 488.0 or 514.5 nm line of
the argon laser for the “write beams”™ and a hclium-
neon laser for the “read beam™. The write beams were
chopped 1o measure the transient behavior of the LIG
signal beam. The signal was recorded by an EG&G
4202 signal averager and processed by an IBM XT
computer. The LIG scattering efficiency was mea-
surcd with the use of a lock-in amplifier. More com-
plete details ol the LIG experimental setup have been
published previously [17].

2. Spectroscapic properties of Cr** jons in GGG and
GSGG

The absorption spectra of Cr** in GGG and GSGG
ol 12 K aie shiowin i g, 1 Thic two bioad bands aic
characteristic of the transitions from the *A, ground
state ol'the 3d* clectron configuration of Cr’* ionsin
an octahedral environment to the ‘T, and *T, levels,
respectively, The third band in the GGG crystal
peaked near 350 nm is attributed to transitions ter-
minating on the T, (b) level. Sharp lines appear in
thiee regions of the spectra. The two lines near 695
nm arc the R lines due to transition terminating on
the components of the *E level split by spin~orbttin-
teraction and lower-order crystal ficld perturbations,
The nearby lines at higher energy are a mixture of
vibronic transitions and zero-phonon lines associ-
ated with transitionsterminating on the 2T, and *T,
levels. The structure on the low-energy side of the *T,
hand may be due to vibronic transitions or zero-
phonon lines associated with transitions terminating
on the “T, or *1, levels The sharp lines around 310
nm are due to transitinns of the Gd'* ions which are
spht into several Stark components as shown in the
mnscert.

+
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Fig. 1. Absorption spectra of GSGG-Cr'* (A) and GGG Cr'*
(B)at 12 K The inserts show expanded views of the gadobinium
transitions. (Sce text for sample thicknesses and Cr'*
concentralions. )

The portions of the fluarescence spectra associated
with the vibronic transitions from the *E level at 12
K are shown in {ig. 2. The vibronic peaks extend to
lower energy from the R lines with some specific
phonon peaks identifiable. However, it is difficult to
identify manv phonon nrogressions tn the complex
structure due to the overlapping of the different vi-
bronic transitions associated with the large number
of phionon modcs in the garnet crystal structure.

The absorption and (luorescence spectra at low
temperature in the region of the R lines are shown in
fig. 3. For GGG:Cr’* the R lines exhibit a signifi-
cant amount of structure and there is a prominent
secondary peak on the low-energy side of the R, line
near 694.5 nm. It is not possible to resolve any simi-
lar structure in the spectra of GSGG: Cr** duc to the
greater overlap with the ‘T, emission band. The spec-
tral positions ol the zero-phonon lines and the split-
tings of the encrgy levels are listed in table 1.

The structure obscrved in the R lines in GGG: Cr'*
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fig. 2 Fluorescence spectra at 12 K for (A) GSGG-Cr?* and

(B GGGt

was investigated in greater detail using site-selection
spectroscopy techniques. Fig. 4 shows higher-resolu-
tion spectra of the R, and R, lines at 20 K for this
sample. The R, spectrum was again recorded after
brnadband excitation. The upper and lower traces of
the R, spectrum were obtained using narrow line ex-
citation from the nitrogen laser-pumped dye laser set
on wavelengths of 691.53 and 692.25 nm, respec-
uvely, while the middle trace was taken after excita-
tion with the 488.0 nm argon ion laser line which i3
equivalent to broadband excitation. In the latter case,
the cw laser excitation was chopped at a frequency of
500 Hz which tends to suppress the stronger bui
slower component of the R, line. The two wave-
lengths of the dye laser excitation are absorbed at dif-
ferent positions in the R, line and the spectra werc
recorded at 200 ps after the excitation puise. The
general shape of the spectral peak near 694.5 nm does
not vary with time after the excitation pulse but peak
position of the stronger component of the R, line
moves 1o longer wavelengths as time increases. The
exact shapes of the R lines at very short times after
the excitation pulse weic impossible to determine due
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Fig. 3. Absorption and tluorescence spectra in the region of the
R lines for (A) GSGG:Cr'* at 12K and (B) GGG.Cr'" at 30
K.

to strong, broadband superfluorescence from the dye
laser.

The data described above are consistent with hav-
ing at least four nonequivalent crystal field sites for
the Cr’* ions in GGG crystals. The positions of the
R, lines for ions in cach type ol center can be deter-
mined from the site-selection measurements and are
listed in table 1. The emission transitions associated
with ions in the a and b sites are strongly overlapped
and those associated with the c and d sites are strongly
overlapped. For the R, lines, all four of the transi-
tions are overtapped to the extent that it is impossi-
ble to accurately determine their exact peak positions.
The strong overlap only allows for measurement of
the fluorescence lifetimes of the °E levels for ions in
the two sets of sites with strongly overlapped transi-
tions, and their values at 12 K are also listed in table
1. The time-resolved spectroscopy results indicate that
the only type of spectral energy transfer taking place
at low temperatures is between ions in the sites la-
beled a and those in the sites labeled b. However, the
strong overlap of the transitions of ions in these two
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types of sites makes it difficult to obtain an accurate
quantitative measurement of the transfer properties.

The Nuorescence decay kinetics of the two ma‘or
Ry hines of GGG Cr® at 12 Koare both single ~.xpo-
nential with a decay time of 1.5 ms. The secondary
peak has a single-exponential decay with a fluores-
cence hifetime of 1O s at the same temperature. The
Nuorescence of Cr'* 1in GSGG at low temperature is
also single exponential with a decay time of 232 ps at
all emission wavelengths, The variation of the fluo-
rescence hfctimes with temperature are shown in fig.
S. The data were obtained after pulsed dye laser ex-
citation mto the *T, absorption band and the fluores-
cence was monitored in the vibronic emission band.
The emission from GSGG - Cr?* was found to be sin-
gle exponential at all temperatures, whereas the ob-
served  decay  kinetics for GGG:Cr'*  were
noncxponential hetween 12 and 200 K and were sir-
gle exponential at higher temperatures. At low tem-
peratures the decay curves for GGG Cr’* can be
approxsmated as the sum of two exponentials, and
the open and filled circles in the figure represent the

I /e decay times of the long and short companents of

the doubie-exponential curves. The stronger compo-
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Fig. 4 Fluorescence spectra of the R ines of GGG Cr?* at 30K,
(A} R, excited by 488 0 nm Light chopped at 500 Hz. (B) Top
curve: R, cxcited by a 10 ns pulse a1 691 Y nm. Middie curve
R, excited by 488.0 nm hght chopped at 500 Hz. Bottom curve:
R, excited by a 10 ns puisc a1 69225 nm.

nent with the longer decay tume is associated with
emission from ions in the a and b sites while the short
component 1s assoctated with emission from jons in
the c and d sites. For both samples, the lifetimes de-
crease as temperature is raised with the magnitude of
decrease being significantly greater for GGG:Cr’*
than for GSGG Cr’*.

The fluorescence emission occurs from both the *E
and *T, levels which are in thermal equilibrium and
have a total quantum efficiency close to unity at room
temperature and below. This results in a single life-
time which is a weighted combination of the intrinsic
lifetimes of the two levels. The temperature depen-
dence of the fluorescence lifetime can be associated
with two possible physical processes, a change in the
relative population of the two levels. or a change in
the intrinsic hfetime of one of the two levels. For the
first type of process, assuming a Boltzmann popula-
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Fre 3 Temperature dependence of the flurescence decay imes
ot A GSGG Cr' and (B) GGG Cr?* where the open and
toll circles represent the long and short components of the dou-
ble-exponennal decays. respectively. (See text lor explanation of
the theoretical hines. )

ton distribution, the measured fluorescence lifetime
1sgiven by [6]
o'+ 17 exp(—AE/KT)

== )+exp(-\AE/kT) ' ()

ficre the intrinsic lifetimes of the ’E and *T, levels
are 1. and t, respectively, k is the Boltzmann con-
stant and AFE is the energy separation of the two lev-
els. This process provides a good explanation for the
temperature variation of the longer component of the
Nuorescence Ifetime of GGG:Cr’*. The best fit of
¢qg (1) to the data ts shown as a solid line in fig. 5.

.
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This was ubtained with 1z =1.6 ms, r, =40 us, and
AE =298 cm~ ', These are listed in table |. The value
obtained for AF is very close to the splitting between
the R, line and the sharp line in the absorption spec-
trum at 697 nm. This is consistent with assigning the
hne at 697 nm to the zero-phonon transition to the
lowest component of the *T, level and with having
the crossing point of the *E and *T, potential coordi-
nates occur at the bottom of the *T; potential well.

No attempt was made to obtain a similar theoreti-
cal fit to the temperature dependence of the short-
lifetime component of GGG:Cr?* since the accu-
racy of these data was much poorer. This 1s because
the magnitudes of the short lifetimes were deter-
mined after subtracting the extrapolated curve asse-
ciated with the long-lifetime component. This
procedure provides a rough estimate of the short-hfe-
time values but cannot be considered to be extremels
accurate.

It was not possible to obtain a good fit to the
GSGG:Cr'* data using eq. (1), In tlhis case the on-
gin of the temperature dependence of the fluores-
cence lifetime appears 10 be associated with the
increase in vibronic emission probability. For low-
energy vibronic emisston involving effective pho-
nons with energy #iw, this can be expressed as

t='=r="(0)exp(kT/hw) , ()

where 7(0) is the lifetime of the purely electronic
transition. The solid line in fig. 5 shows the best fit of
eq. (2) tothe GSGG:Cr?* data obtained by treating
7(0) and Aw as adjustable parameters. The good tit
was obtained with t1(0) =242 usand fw=253cm "

3. Results of laser-induced grating measurements

Four-wave mixing is an important technique for
establishing and probing laser-induced gratings in
solids. These LI1Gs are useful in studying the dynam-
ics of exciton migration in doped crystals [17-21] as
well as providing information on thermal, nonlinear
optical, radiationless relaxation, and excited state ab-
sorption properties. In spectroscopic application of
FWM, the crossed write beams are used to create a
refractive index grating and the probe beam scatters
off this grating. The scattcred signal beam carries tn-
formation about the physical properties of the mate-
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ral associated with the laser-induced grating. For
characterizing the properties of ions in solids, FWM
15 used to form population gratings. In this case the
write beams are tuned to resonance with an absorp-
tion transition of the dopant ions thus creating a sine
wave spatial distribution of ions in the excited state.
If the 10ns have a different polarizability in the ex-
cited state than in the ground state, this excited state
population distribution acts as a refractive index
grating. The dynamics of the transient signal decay
are especially helpful in understanding the properties
ol energy migration processes which contribute to the
destruction of the grating. The variation in the LIG
signal magnitude with write beam crossing angle is
useful in determining the induced changes in the
complex refractive index, and from this information
the dephasing time and excited state absorption cross
scction can be obtained. Laser-induced grating mea-
surements were performed on Cr** ions in GGG and
GSGG crvstals at temperatures ranging from aboul
15 10 300 K and the results are described below.

S0 Transient LIG decay dvnamics

Transient population gratings were established and
probed for Cr'* jons in GGG and GSGG using short
enough writing times 1o prevent optical damage to
the materials. The 488.0 nm line of the argon laser
beam was for the write beams o excite the *T, ab-
sorption band, the excited state population was butlt
up in the *T» and °E levels after radiationless relaxa-
tion. The decay dynamics of the scattered probe beam
were monitored as a function of crossing angle of the
writc beams and temperature.

Forthe GGG:Cr'* sample, the decay curves of the
LIG signal were found to be double exponentials for
temperatures less than 200 K, in agreement with the
double-exponential behavior of the fluorescence de-
cay kinetics in this temperature range. The long com-
ponents of the decay curves are dependent on the
crossing angle of the Write beams # and on tempera-
ture. Examples of the results are shown in fig. 6. The
insert shows the double-exponential curve at 18 K for
0=7.06° and the decay rate of the longer component
of the signal K 1s plotted as a function of the crossing
in the major part of the figure. At small values of
the signal decay rate tends toward a value close to
twice the measured value of the fluorescence decay
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Fig. 6. Examples of the dependence of the transient LIG signal
decay rates on the crossing angle of the write beams. (A) Shon
component of the signal obtained on GSGG:Cr’* at 250 K. The
insert shows the time evolution of the LI1G signal at this temper-
ature for §=13.51°. The full points are the result of subtraction of
the long-decay component extrapofated o short times. (B} Long
component of the signal obtained on GGG:Cr’* at 18 K. The
insert shows the time evolution of the LIG signal at this temper-
ature for 8= 7.06°. The open points are the resulits of subtraction
of the long-decay component from the total signal.

rate of the Cr*™* ions in type a and b sites as indicated
by the filled circle in the figure. This is consistent with
creating a populating grating of Cr** ions, mainly in
type a and b sites, This component accounts for more
than 80% of the LIG signal at all temperatures, which
is consistent with the fluorescence data.
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The second contribution to the transient L1G sig-
nal in GGG . Cr'* was found to be independent of
the first one and is attributed to a population grating
of Ce'* tons in the ¢ and d types of sites. This grating
1s responsible for the short component of the LIG sig-
nal decay and the decay rate is approximately equal
1o twice the short component of the fluorescence de-
cay rate. This component of the LIG decay rate is in-
dependent of the crossing angle 8.

The decay kinetics of the LIG signals for
GSGG:Cr'* were found to be single exponential at
temperatures less than 200 K. The decay rates were
independent of the crossing angle of the write beams
and equal 10 twice the measured decay rate of the flu-
orescence in this temperature range. Above 200 K the
decay kinctics became dependent on the write beam
crossing angle # and above 240 K the signal decays
became double exponentials. The longer-decay com-
ponenis were still found to be independent ot ¢ but
their decay rates were the same as those of the fluo-
rescence emission. The long-time part of the decay
kinetics was extrapolated to short times and sub-
tracted from the total signal to determine the decay
rate of the short-time part of the decay kinetics. An
example of this procedure is shown in the insert in
fig. 6. Although this introd .ices some degree of uncer-
tainty in the ¢xact values determined for the decay
rate of the short component of the signal decay, it is
clear from the example results shown in fig. 6 that
there is a distinct dependence of this decay rate on
the write beam crossing angle. The circle at 8=0°
represents twice the Lorescence decay rate mea-
surcd under the same experimental conditions.

The decay rate of a laser-induced grating in the
presence of exciton migration by an incoherent hop-
ping nmolion can be expressed as (21 ]

K=2/t+32(r/1)sin?(6/2) D, (3)

where the first term described the destruction of the
grating due to the fluorescence decay of the ions in
the excited state with a decay time t and the second
term describes the destruction of the grating due to
the migration of the excitation energy from the ions
in the peak to ions in the valley region of the grating.
The latter term depends on the diffusion coefficient
of the energy migration D, and the grating spacing
A=24/2 sin(#/2), where A and 0 are the wavelength
and crossing angle of the write beams in the crysial.

Applying this theory to the experimental results
described above for GGG:Cr'* indicates that long-
range energy migration occurs among ions in the type
a and b sites but not among ions in the type ¢ and d
sites. The solid line in {ig. 6 represents the best fit to
the experimental data using eq. (2). The theory pre-
dicts a linear dependence of K on sin?(8/2) and, at
zero crossing angle, a value of 2/t which is in agree-
ment with the experimental data. The values of the
diffusion coefficient obtained from this type of anal-
ysis of the data are plotted versus temperature in fig.
7. The small values of D result in large error bars in
the results, but it is obvious that the energy migration
decreases with increasing temperature and is negligi-
bie above 150 K.

Between 200 K and room temperature, the LIG
signal decay for GGG:Cr®* is a singie exponential
and independent of 6. The decay times are measured
to be approximately half those of the fluorescence de-
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Fig. 7. Temperature dependence of the exciton diffusion coeffi-
cient for (A) GSGG:Cr** and (B) GGG:Cr’*. In (B), D s
represented by full circles and the reciprocal of the full width at
half maximum of the R} + R%lines s represented by open circles.




66 | Suchocks, R C. Powell 7 Fluorescence spectra and lifetines of Cr'* n host eryvstals

cay. Thermal broadening of the spectral transitions
makes it impossible to distinguish between transi-
tions associated with ions in different types of site.
These results show that no long-range spatial migra-
tion of energy is taking place in this temperature
range.

For GSGG:Cr'*, the lack of dependence of the
short-time compenent of the LIG signal decay on the
write beam crossing angle below 200 K indicates a
lack of long-range encrgy migration among Cr?* ions
at low temperatures. Above 200 K energy migration
does occur and estimates for the diffusion coefficient
can be obtained by using eq. (3) to fit the data ob-
1ained on the dependence of K on 6. An example of
this is shown as a solid line in fig. 6 and the results of
this type of analysis provides information on the
temperature dependence of the diffusion coefficient
as shown in fig. 7. The weak dependence of K on §
results in large error bars in the estimates of D. How-
ever, there is a definite increase in D between 200 K
and room temperature.

2.2 LG scattering efficiency characteristics

The depencence of the transient LIG signal effi-
ciencies on the power of the write beams for 488.0
nm excitation are shown in fig. 8 for two tempera-
tures for both samples. The observed power depen-
dences are different at low and high temperatures and
ncither are quadratic as expected from a simple two-
level model for the atomic system [22,23]. This in-
dicates the importance of the presence of multiple
levels and transitions but s difficult to interpret
quantitatively with presently available data.

The variation of the LIG scattering efficiency with
the crossing angle of the write beams at 488.0 nm 15
shown in fig. 9 for both samples. The solid lines rep-
resent the best fits to the data using the model devel-
oped in detail in ref. [17). In this model, the
cquations representing ‘he four coupled waves in the
crystal are solved numerically on the computer treat-
ing the coupling parameters as adjustable parame-
ters. Using a two-level system model to describe the
interaction of the laser beams with the crystal shows
the complex coupling parameters to be determined
by the laser-induced changes in the absorption and
dispersion parts of the complex refractive index
{22, 23},
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Fig. 8. Variation of the LIG scattering efficiency with the power
of the write beams at two temperatures for 6=13.5° for (A)
GSGG:Cr** and (B) GGG:Cr’*.

Aa=-2D4/D}, 4)
An=(ac/w)DS/ D\ . (5)

Here the real and imaginary parts of the jth coupling
coefficient are represented by D] and Dj, respec-
tively, and w is the frequency of the write beams. The
values of the coupling coeffients found from fitting
the data can be used in eqs. (4) and (5) to determine
Aa and An. The ratio of these contributions to the
laser-induced grating can be used to obtain the de-
phasing time of the atomic system,

7= Quw/c)(An/Aa)/ (w~wy ), (6)

where w,, is the peak frequency of the atomic tran-




1 Suchocky, R.C. Powell 7 Fluorescence spectra and hifettmes of Cr' Yo host ervsials 67

¢} 2 4 6 8 10 12
B{deg)

Fig. Y Vanauons of the LIG scattering efficiencies with the
crossing angle of the write beams at 40 K for (A) GSGG:Cr?*
and (13} GGG et (See text for explanation of the theoretical
hnes.)

sition. The dephasing time can be written as
Py ' =2T 0 4y, (7)

where y is the pure dephasing rate due to phonon
scattering processes and 7, represents lifetime de-
phasing due to decay processes. The values of An, A«
and 7'y obtained in this way are listed in table | along
with the relevant component of the coupling
coefficients.

3.8 Long-lived refractive index changes

After long writing times, the LIG signal decay be-
comes a double expot\lenlial at all temperatures for
both sampies. Both components of the decay rates
under this condition are independent of 8 but the long
component has a decay rate approximately equal to
the fluorescence decay rate while the short-compo-
nent decay rate is approximately twice that of the flu-
orescence. These results can be interpreted in terms
of the presence of two types of laser-induced grating,
The first is due to the excited state population of Cr*

ions and gives rise to the shorter signal decay. The
sccond is associated with a very long-lived laser-in-
duced refractive index grating. Since the probe beam
simultaneously interacts with both types of grating,
the signal decay kinetics is described by the square of
the sum of the changes in the refractive index asso-
ciated with the two gratings,

n={Aexp(—t/1,)+Bexp(~1/1)|?
=Arexp(=2t/1,)+24Bexp(—1/1, —-1/1;)
+BYexp(~2t/13), (8)

where A and B are the magnitudes of the relative con-
tributions due to the transient and long-lived grat-
ings, respectively, and 1,/2 and 1,/2 are their decay
times. The ratio B/A is very small for this sample (a
few percent ) and the decay time of the transient grat-
ing is much shorter than the decay time of the long-
lived one. Thus eq. (8) reduces to approximately

n=dA2exp(—~2t/1,)+2ABexp(—~t/1,) . (9)

Fig. 10 shows typical signal decays after long write
times. The contribution of the long-lived grating be-
comes greater for longer writing times than those used
to characterize the properties of the transient grating.
For a given writing time and laser power, the signal
associated with the long-lived grating was also found
to increase with increasing temperature between 12
and 300 K. The strength of the long-lived grating is
dependent on the writing time in a complicated man-
ner. There is a critical writing time, of the order of a
few minutes, when the LIG signal efficiency from the
long-lived grating reaches a maximum and begins to
decrease. For the results shown in fig. 10, both write
beams were turned off after one minute causing a
rapid decay of the transient grating followed by a slow,
oscillatory decay associated with the long-lived grat-
ing. At longer times one of the write beams was turned
on to erase the remaining long-lived grating. The ki-
netics of the long-lived grating signal are essentially
independent of the crossing angle of the write beams,
but the oscillatory decay of the signal does not permit
an accurate estimate of the decay times.

Exciting with the 514.5 nm line of the argon ion
laser which falls between the *T,, and the *T,, ab-
sorption bands enhances the relative contribution of
the long-lived grating. Fig. 11 shows the dependence
of both components of the LIG signal on the power
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Fig. 1. LIG signal decays at 300 K showing the decays of the
long-lived contributions to the signals and the effects of erasing
Iy a single laser beam for {A) GSGG: Cre’* and (B) GGG:Cr’*.

of the write beams after writing for 2 min at 40 K for
GGG Cr't. The scattering efficiency was measured
just before and about [2 s after both write beams were
turned off. The scattering efficiency of the transient
grating exhibits a linear dependence on the laser
power whereas the scattering efficiency associated
with the long-lived grating has a much weaker power
dependence and saturates at relatively low power lev-
els. Similar results were observed for GSGG: Cr**.

4. Discussion and conclusions

Despite the similarity of the two garnet host crys-
tals, there are some significant differences in the op-
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Fig. 11, Dependences of the transient and long-lived contribu-

lions to the LIG scattering efficiency on the power of the wrile
beams for GGG :Cr** at 40 K for 514.5 nm excitation.

tical properties of Cr** ions in GGG and GSGG. One
important difference between these two materials is
the magnitude of the crystal field splitting of the 2E
and *T, levels. The value of AE is 298 cm~' for GGG.
For GSGG this splitting is 50+ 5 cm~" which is con-
sistent with reported values that range from close to
Ocm~'upto 50 cm~'. One major effect this has is to
change the mechanism causing the temperature de-
pendence of the fluorescence lifetime. For the wide
energy gap in GGG:Cr**, the thermal effects on the
population distribution between the two levels dom-
inate the temperature dependence of 1. For a small
energy gap material such as GSGG:Cr** these pop-
ulation distributions do not change with tempera-
ture. Instead the increase in the vibronic emission
probability with increasing temperature dominates
the temperature dependence of 1.

The energy migration observed in these samples can
be described as a random walk of an exciton caused
by ion-ion interaction [24,25]. The mechanism of
ion-ion interaction is difficult to establish because of
the presence of concentration gradients of the Cr**
ions and the different types of crystai field site. By
assuming electric dipole-dipole interaction among a
statistically random distribution of ions, a theoreti-




1 Suchockt, R.C Powell 7 Fluorescence spectra and lifetimes of Cr

cal esiimate for the diffusion coefficient can be ob-
tatned from the expression
Ik . )
“2”6 —”~J roexp(—4anNet/3)y dr, (10)
T,

a

where g is the decay time of the sensitizer fluores-
cenee and R, is the critical interaction distance. In
the Forster-Dexter theory {24,26] the critical inter-
action distance is proportional to the overlap integral
between the emission spectrum of the sensitizer ions
and the absorption spectrum of the activator ions. For
energy transfer which occurs due to ions in the 2E ex-
icted state of Cr'*, the overlap integral is approxi-
matcly inversely proportional to the linewidth
{fwhm) of the R lines.

To understand the observed energy transfer in
GGG:Cr'', the average value of the concentration
of Cr** ions N=1.4x 10% cm~? and the value of R,
estimated by using the width of the R linesat 12 K to
determine the overlap intergral, 29 A, eq. (10) gives
the value of D=2.3% 10~? cm?/s. This value is about
an order of magnitude smaller than the experimen-
taily determined value of the diffusion coefficient at
T=12 K. This estimate gives a lower limit for D. A
higher value can be obtained for regions of high con-
centration due to a nonuniform distribution of Cr3*
1ons. Also, energy transfer may take place through ex-
change interaction which is more difficult to estimate
theoretically but will lead to a larger value of the ion-
ion interaction rate.

T'he temperature dependence of D and the inverse
of the fwhm of R? + RY for GGG: Cr* * are compared
in fig. 7. Both decrease with temperature with the dif-
fuston coefficient decreasing somewhat faster than the
inverse of the linewidths. This gives a reasonable ex-
planation for the observed temperature dependence
of the exciton diftusion coefficient, It should be noted
that the assumption of energy migration mostly within
the “E level is valid only for a wide AE material such
as GGG:Cr't . It was'also found that the magnitude
of the exciton diffusion coefficient for GGG : Cr'* at
18 K decreased 1o 6.9 10~ cm?/s when the light
green region of the sample was excited. This indi-
cates a concentration dependence associated with D
as expected. The exact quantitative dependence re-
quires a knowledge of the microscopic concentration
gradient of the Cr'* jons.
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For GSGG:Cr’* the small value of AE means that
encrgy migrations will occur in both the °E and *T,
levels. Thus the spectral overlap integral must be cal-
culated from the absorption and emission spectra in-
stcad of approximating it by the width of the R lines.
This was calculated to be about 9.3 A at low temper-
atures. Using this in eq. (10) again predicts a value
for D which is significantly smaller than the mea-
sured value. As with GGG :Cr3*, this is probably due
1o a nonuniform distribution of Cr** ions or stronger
ion-ion interaction mechanisms such as superex-
change. As temperature is raised the increase in vi-
bronic emission causes an increase in the spectral
overlap which results in an increase in D with tem-
perature. This is qualitatively consistent with results
for GSGG:Cr’* shown in fig. 7. Thus the difference
in AE is responsible for the significant difference in
energy migration properties in GSGG:Cr’* and
GGG:Cr**,

The values of the dephasing time 7, found from
the LIG scattering efficiency results are significantly
faster than those reported for other Cr**-doped crys-
tals {17]. However, previous measurements were
made by pumping into the *T, band instead of the
T, band as was done in this work. If the dephasing
is dominated by radiationless relaxation processes,
these results indicate the presence of faster decay
processes in the higher level. To develop a complete
understanding of dephasing processes requires com-
paring results obtained by pumping different transi-
tions in a series of samples of different Cr**-doped
crystals with different crystai field splittings. This
systematic study is currently in progress.

The value of A for GSGG: Cr** determined from
LIG measurements can be used to determine the ex-
cited state absorption cross section at the wavelength
of the laser write beams. A simple rate equation anal-
ysis of the optical dynamics of a two-level atomic sys-
tem can be used to obtain an estimate for the
difference in the absorption coefficient in the peak
and valley regions of the grating,

Aa=IyNa (g, —-0,)/ (2lwo,=hv/T), (1)

where [, is the energy density of the laser pump beams
with photon energy /v, N is the concentration of ac-
tive ions, 7 is the fluorescence decay time of the ex-
cited state, and g, and a7, are the ground and excited
state absorption cross sections, respectively. This
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cquation can be solved for o, and the measured val-
ues of the parameters used to calculate the excited
state absorption cross section. Doing this gives a valuc
of 2.1 10 " cm?, which is consistent with the value
found {27] trom cxcited state absorption measure-
ments on GSGG:Cr''. No direct measurements of
the excited state absorption spectrum of GGG Cr*
have been reported, and thus a similar comparison
cannot be made with the LIG results obtained on this
sample.

There is additional evidence for the effects of ex-
cited state absorption in the results obtained for the
power dependence of the LIG scattering efficiency.
The deviation from a simple quadratic dependence
can be attributed to the fact that at the two laser
wavelengths used, the excited state absorption cross
sections are greater than the ground state cross sec-
tiuns. A quantitative description of the results would
require a fJour-wave mixing analysis based on a three-
level atomic system which is extremely complicated.
A gualitative comparison of these results with those
obtamed on other Cr'*-doped laser crystals such as
ruby and alexandrite indicates that excited state ab-
sorption effects are significantly more important in
these garnets than in the other hosts.

The long-lived grating is most probably associated
with the creation of transient color centers in the host
crystal. The creation of color centers in garnet crys-
tals due 1o exposure to high-intensity light (espe-
cially in the ultraviolet region of the spectrum) is a
well-known phenomenon {28]. The tendency to pro-
duce color centers has been attributed to oxygen de-
liciency in the garnet lattice [29]. In GSGG crystals
the production of color centers was found to be ac-
companied by the valence change [14,30] Cr**-
Cr**. This type of charge transfer process can also
produce space charge electric fields in a crystal. The
oscillatory decay kinetics observed for the long-lived
grating may be due to the creation of space charge
ficlds in GGG. Similar oscillatory kinetics have been
reported in writing and erasing holographic gratings
duc to charge relocation in photorefractive crystals
[31.32]. The dark decay times of the long-lived grat-
ings in these crystals are of the order of several hours
which indicates that this type of optically induced re-
fractive index change can be an important loss mech-
anism for laser operation based on this material.

The results reported here demonstrate the usefull-

ness of L1G spectrocopy in characterizing the prop-
cruies of solid state laser materials. This technique
provides information about the properties of encrgy
migration, radiationless decay processes, excited state
absorption, and optically induced color centers.
However, the results are quite complicated and there
are still a number of details concerning these pro-
cesscs which require further study. It is especially im-
portant to compare the results of LIG measurements
with those obtained by other techniques to verify
some of the proposed interpretations. Also a system-
atic study of different types of Cr**-doped materials
is needed.
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The characteristics of the four-wave-mixing signal of Cr** ions were measured for host crystals of
Gd,S¢,Ga,0,,, Gd;Gas0y,, (Gd,Cal(Ga,Mg,Zr),Gas0,,, and La;Lu,Ga;0,;. Signal strengths and
decay times were measured as functions of laser-beam crossing angles and temperature. The results
are used to determine the properties of radiationless decay and energy-transfer processes in these
samples. By comparing the characteristics of the *T,-'E radiationless relaxation process among
these and previously investigated Cr’*-doped laser crystals, it is shown that the ratio of the
intersystem-crossing relaxation rate to the internal conversion relaxation rate decreases as the
strength of the crystal field of the host material decreases. The properties of energy migration
among the Cr** ions in the different host materials is found to depend on the average separation of
the Ot jons, the strength of the crystal field, and the electron-phonon interactions.

1. INTRODUCTION

The use of garnet crystals such as Gd;Gas0; (GGG)
and Gd,Sc,Ga;0,, (GSGG) doped with Cr** and/or
Nd’* as laser materials has stimulated an interest in the
study of the physical properties of these and similar gar-
nets. A good deal of research has been directed towards
the study of material characteristics essential to las-
ing.' ™ These characteristics can be altered by changing
the material’s composition. This can be accomplished by
studying other garnets such as La,LuyGa,0, (LLGG) or
by additional doping of optically inert ions. One attempt
at the latter approach is substituting Ca**, Mg?*, and
Zr** ions for some of the Gd**, and Ga’* ions in GGG
to give a mixed garnet structure designated GGGM.%10
An understanding of how the crystal structure affects the
dephasing and energy-transfer characteristics of the opti-
cally active fons is therefore essential. To this end, four-
wave-mixing (FWM) spedtroscopy is a useful tool. Previ-
ous studies of the spectroscopic properties as well as pre-
liminary FWM results on GGG, GSGG, and GGGM
have been reported.>!' This paper extends the previous
work by using FWM to study energy migration and opti-
cal dephasing of Cr’* ions by pumping into the *T, band
in GGGM, GGG, and GSGG, and by pumping into the
*T, band in LLGG. The results are compared to those
obtained previously on Cr** ions in other laser crystals,

As regorted in Ref. 10, the substitution of Zr**, Ca’",
and Mg*" ions for Ga’* and Gd’" ions in GGG results
in a relatively high segregation coefficient of 2.8 and a
larger lattice constant of 12.4942 A. This produces a
lower crystal field at the site of the dopant ion which is
intermediate between the crystal-field values for GGG
and GSGG. In addition, there are several nonequivalent
sites for the Cr’* ions which causes spectral structure

L

and significant inhomogeneous broadening of the optical
transitions. The sample used in this study, provided by
the Chrismatec company in France, was 4X4X5 mm’
with a concentration of 5.4X 10" Cr* ions/cm’. The
GSGG and GGG samples were 5.5- and 1.5-mm thick
with Cr** concentrations of 1.4X 10 and 1 X 10® cm ™,
respectively. The LLGG sample was approximately
20X 10X 4 mm’, with the large flat surfaces perpendicu-
lar to the [111] direction, and a conceatration of
5.0X 10" Cr*™" ions/cm’.

Figures | and 2 show the room-temperature absorption
and emission spectra of the GGGM and LLGG samples.
The absorption spectra, taken by an IBM 9430 uv-visible
spectrometer, are dominated by two strong absorption
bands, centered at 460 and 640 nm in GGGM and 485
and 685 nm in LLGG. In both samples, the higher-
energy band is due to the *4,-*T, absorption transition
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FIG. 1. Room-temperaiure absorption (solid line) and enus-

sion spectrum (dotted line) of Cr' ' -doped GGGM.
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and the Tower-energy band results from the *4,-*T, tran-
sttion. The sharp, relatively weak, spin forbidden transi-
tnons from the ';l_. ground state to the ’E, ZT,, and 2TZ
states are overlapped by the broad bands. The transition
natrix clements interfere destructively on one side of the
sharp transition resonance and constructively on the oth-
er. lus results in the absorption spectra having a
characteristic antiresonant line shape, or Fano resonance,
in the vicinity of the overlap. For GGGM, the dips in
the lineshape on the low-energy side of the *T| and *T,
bands are due to overlap with the sharp T, and 2T, tran-
sitions. The zero phonon line due to the * 4,-2E absorp-
tion is located at 695 nm. For LLGG, the lower crystal-
field results in the *T| and *T, bands shifting towards
lower energy. The antiresonances due to ’T, and T,
thercfore appear on the high-energy side of the two broad
absorption bands. The prominent antiresonance near the
peak of the *T’, band is due to the * 4,-2E transition. The
other sharp lines in the spectrum correspond to the tran-
sitions of Nd* !, which is an unwanted impurity.

The emission spectrum was excited by a nitrogen
laser-pumped dye laser, analyzed with a 1-m spectrome-
ter, and detected by an RCA C31034 photomultiplier
tube for the GGGM and an RCA 7102 for the LLGG.
The fluorescence for both samples is characterized by a
very broad, Stokes shifted emission which is the result of
the low crystal field causing the *T, energy level to be
lowered; in the case of LLGG, *T, is 1000 cm™' lower
than *£ as measured from minima to minima on the
configuration coordinate diagram. For GGGM, the
Yry-* 4, emission is centered at 750 nm with the 2E-* A,
transition manifesting itsell as a shoulder at 695 nm. For
I.LLGG, the tluorescence is centered at 820 nm with the
sharp dips and peaks due to Nd** impurities. For excita-
uon at both 490 and 685 nm, the fluorescence decay of
LLGG was single exponential, with the corresponding
lifetime ranging from 120 us at 11 K to 70 us at room
temperature. This is consistent with the fluorescence be-
ing dominated by emission from the *T, level rather than
the long-hived metastable ‘E level. Although the absorp-
tion at the peak of the *T, band is about twice that at the
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peak of the *T, band, the fluorescence intensity resulting
from excitation at 685 nm is slightly less than the fluores-
cence {rom 490 nm excitation. This implies that some
sort of fluoresence quenching occurs for excitation into
the *T, band. It is conceivable that a center other than
the Cr’* is being excited. However, analysis of the *T,
fluoresence shows an emission peak and lifetime con-
sistent with excitation of Cr’* which implies that the ad-
ditional center must be nonfluorescing. We are unable to
conclusively explain these results at the present time, al-
though it appears that fluoresence quenching of the *T,
band may be the reason why no laser-induced grating is
observed when exciting into this level, as discussed in the
following.

II. RESULTS FOR
FOUR-WAVE-MIXING SPECTROSCOPY

FWM is an effective method for studying long-range
energy migration and optical dephasing phenomenon
among dopant ions in solids.'? ™' Earlier papers®'?"
describe in detail the procedure for using FWM tech-
niques as a spectroscopic tool. Figure 3 shows the experi-
mental setup used in these experiments, Emission from a
Spectra Physics argon 1on laser or argon ion laser-
pumped ring dye laser was passed through a chopper
(CID and divided into two beams of equal intensities us-
ing a 50:50 beam splitter (BS). These two noncollinear
laser beams (called the write beams) are then focused
onto the sample using the appropriate mirrors M|, M,,
and M;. The path length is adjusted so that the two
write beams cross inside the sample creating a sinusoidal
interference pattern. Since the energy of the laser pho-
tons is resonant with the energy of an electronic transi-
tion of the Cr®* ions, an excited-state population grating
is created having the same spatial pattern. This popula-
tion grating produces a sinusoidal variation in the refrac-
tive index due to the difference in the polarizability of
Cr’* ions in the excited state versus the ground state. A
very low power He-Ne laser beam nearly counterpro-

CH
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FI1G. 3. Experimental setup for four wave mixing. CH—
chopper BS—beam splitter and M —mirror. For excitation
into the *T', band, the ring dye laser is removed from the setup.
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pagating to one of the write beams is scattered off this
grating. When the Bragg condition is satisfied, the
diffracted beam is nearly counterpropagating to the
second write beam. This laser-induced grating (LIG) sig-
nal is then directed to an RCA C31034 photomultiplier
tube (PMT) using mirror M,. The output of the PMT is
taken into an EG&G Princeton Applied Research model
4202 signal averager {averager) and then to an IBM XT
personai computer where the digital data is stored. The
trigger to the averager was provided by the chopper and
pulse generator assembly. The sample was kept in a cry-
ostat and the temperature was controlled using a CTI
Cryogenics closed-cycle helium refrigerator and a Lake
Shore Cryotronics model 805 temperature controller.
The temperature measurements were accurate to better
than 0.5 K.

The LIG signal carries all of the information about the
physical processes influencing the population grating.
Gratings were created by laser pumping into the *T,
band using an argon ion laser and pumping the *T, band
using an argon ion laser pumped dye laser. In both cases
the population grating is observed after radiationless re-
faxation processes establish an equilibrium population in
the *E and *T, levels.

Figure 4 shows the intensity of the signal beam at room
temperature for GGGM with 514.5 nm pumping. When
both write beams are turned off at ¢ =0, the signal de-
creases by a significant amount with a decay time of the
order of the Cr?* fluorescence lifetime indicating that the
major contribution to the signal is associated with the
Cr’ " population grating. The presence of a small residu-
al signal indicates the presence of a long-lived grating,
which 1s due to other physical processes such as charge
relocation or the creation of color centers. To erase this
long-lived grating, a single “‘erase beam™ was turned on
at 1 =4 min. Similar long-lived components to the LIG

os| ]

i (arb. units)

time(min)

FIG. 4 LIG signal decay after the write beams are turned off
at ¢ =0 mun, and atter an erase beam is turned on at 1 =4 min.
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FIG. 5. Scattering cfficiency as a function of luser beam
power fur excitation tnto the *T| band of Cr' ' -doped GGGM.

signals were observed in the GGG and GSGG samples’
but no long-lived grating component was observed for the
LLGG sample. The characteristics of the signal beam as-
sociated with the population grating are discussed in the
following.

The scattering efficiency for GGGM is plotted as a
function of write beam power in Fig. 5. It was found to
vary quadratically for low values of power, saturate for
intermediate powers and then rise again for higher
powers. The saturation occurs at power levels where the
rate of pumping ions into the metastable state is equal to
the fluoresence decay rate of the metastable state. The
quadratic dependence and saturation level are consistent
with the predicted behavior for this type of population
grating."* The behavior at higher laser power indicates
the onset of additional nonlinear optical processes. 1n or-
der to ensure the validity of the results in the following
sections, the write beam powers were kept low enough
that the system was well below saturation.

A. Energy transfer

The decays of the LIG signal in GGGM were recorded
at temperatures between 18 K and room temperature for
both 514.5 and 581 nm excitation at various crossing an-
gles of the write beams. The decay of the transient signal
is shortened by energy migration from the peak to the
valley region of the grating. As the crossing angle of the
write beams is increased, the grating spacing is decreased
and the effects of energy transfer are enhanced. The grat-
ing spacing A is given by

A=A/[2sin(6/2)], {1

where @ is the write beam crossing angle. The crossing
angles used here ranged Irom about 2° to about 22° giving
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£1G. 6. Transient L1G signal decay at 18 K for Cr’ " -doped
GGGM using S14.5 nm excitation. Total signal is shown to be
comprised of 1wo single expancntals.

a grating spacing tanging from about 1.4 gm to about 16
jum for the two wavelengths used.

Figure 0 shows an example of the decay of the tran-
sient LIG signal e GGGM. The decay is a double ex-
ponential which is consistent with the presence of two
crystal-field sites for Cr’* ions in the sample.'” The de-
cay times of the two components were found to have the
same temperature and crossing angle dependences, there-
fore we show the analysis only for the short component.

Figure 7 shows an example of the signal decay rate in
GGGM as a function of sin?(8/2) for a given tempera-
ture. From the slope of the curve, we can calculate the
exciton diffusion coeflicient D for that temperature as de-
scribed in the following. The temperature was varied
from 18 to 300 K but no energy migration was observed
for temperatures exceeding 150 K.

To obtain detailed information about the ion-ton in-
teraction rate and exciton-phonon scattering rate, we
have uscd the theory developed by Kenkre et al’® The

T 1 T 1 T
154 .
o
L]
2ok o .
= o
X [o]
b
5} .
1 L i 4
0 5 10 15 20x10*
8in' (8/2)

FIG 7. FWM signal decay rate as a function of sin’(6/2) for
Cr'' doped GGGM. The pont at §=01s twice the measured

fuarescence deeay rate.

basic assumptions used in the development of this model
are consistent with the conditions of our experiments.
According to this theory, exponential decays of the nor-
malized transient grating signal in the presence of exciton
migration can be described by

Lin=expl=2[[(1/7,+a)+b*]' ~a}) . (2)

Here r, is the fluorescence lifetiine, a is the exciton
scattering rate, and b is defined as,

b=4Vsin[{2ra/Alsint6/2)], '

where Vis the nearest-neighbor ion-ion interaction rate,
and a is the average distance between active ions. The
exciton dynamics can be characterized by these parame-
ters in terms of the diffusion coefficient D, the diffusion
length L,, the mean free path L,, and the number of
sites visited between successive scattering events .V,.
These parameters are given by

D=2Va/a, 4
L,=02D7)'"*, 15
L, =Vv2Va/a Y
V=L, /a, 17

respectively. Table I shows the energy migration param-
eters for Cr’* in GGGM determined in these experi-
ments.

In Fig. 8, the excitoa diffusion coefficient D is plotted
as a function of temperature. The data can be fit by an
expression of the form

D=A4+(B/VT), (8)

which 1s consistent with phonon scattering limiting the
mean free path of the exciton migration.'

Figure 9 shows the temperature dependences of the
lon-1on interaction rate and the exciton-phonon scatter-
ing rate for GGGM. The ion-ion interaction rate is in-
dependent of the temperature while the exciton-phonon
scattering rate increases linearly with temperature. This

40 . v
W\, =51450m
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< 30t
]
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I
£ 20
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FIG. 8. Variation of the exciton diffusion coefficient D with
respect to the temperature for Cr' ' -doped GGGM.
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TABLE I. Energy migration parameters for Ce**-doped GGGM.

TK) al10* sec™") V(10% sec™") D107 cm?/sec) L, {um) Lylpm)
18 1.160 4.186 6.41 0.74 15.81
30 1.303 4.206 5.76 0.65 1518
40 [.968 3760 3.05 0.39 11.05
50 3.493 4,190 2.14 0.25 9.25
70 5.024 3.830 1.24 0.15 6.86
90 7.159 4.085 0.99 0.12 6.29

110 10.350 3.980 0.65 0.08 4.84

150 11.210 4.060 0.31 0.07 3.34

increase is associated with the additional phonons avail-
able at higher temperatures.

Similar studies on LLGG revealed that when exciting
the *T', band at 488 nm, the transient grating decay rate
was independent of the angle between the write beams at
all sample temperatures between 25 and 220 K. This is
consistent with no long-range energy migration occurring
in this material. No FWNM signal could be observed when
exciting the 'T, band at 660 nm.

B. Optical dephasing measurements

The laser beams in a FWM experiment drive the sys-
tem of ions coherently and the time it takes the system of
1ons 1o lose phase colierence affects the strength of the
FWM signal. Dephasing can occur when the ions in-
teract with the phonons of the system or wich other ions
in the ensemble or when decay to another energy level
occurs. The model used to describe the effect of dephas-
g on the FWM signal was developed in Refs. 16, 17,
and 18 and extended for our experimental conditions in
Rets. 12 and 14, The mamn assumption of this model is
the approximation of the ensembie of ions as a two-level
system.

The model describes an ensemble of two-level systems
and therr interaction with the lour laser beams through
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FIG 9 Varnation of the exciton-phonon scattering rate a

and ou-10n ainteraction rate V as functions of temperature for
Cr''-doped GGGM.

four coupled differential equations. These equations have
been solved numerically treating the real and imaginary
parts of the coupling parameters D, and D, as adjustable
parameters defined below:

D,=D{+iD\=2rul(x—§), (9)
D,=D}+iDy=mudkl | {tm

where gt is the permeability of the material, & is an
effective susceptibility, L is the distance of the overlap re-
gion, « is a parameter related to the complex index of re-
fraction, and Ak s the laser induced modulation of «.
This can be separated into a modulation An of the refrac-
tive index and Aa of the absorption coeflicient. These pa-
rameters are related to the adjustable coupling parame.-
ters DY, D), D5, and D} as follows:

Ada=-—-2abD,/D\ , SRl
An=(dc/w)D}/D\ , (12)

where w is the frequency ot the laser line, @ is the average
absorption coeilicient at the write beam wavelength and ¢
is the speed of light. The dephasing tinse, Iy is given by

T,=Qw/cAn/dalw—wy) ', R

where w,, is the resonant transition frequency.

The set of coupled dilferential equations can be solved
for spectal cases.” Tao see the effect of the crossing angle
on the scattering efliciency, we consider one spectal case
where,

(DY +(DSR=(D}, +Dy)12>0 (14)

and

1—Dy# 2 )
DD by vy —py —pypyr. U1

The scattering efliciency is then given by
pM=20(D (DYDY (D= (D 1 DY)
Xsinl k[(D)PH(D (D + Dy
Xinftan(g/4)]| . (e

The crossing angle 0 1 the preceding expression s direct-
ly connected with the overfap of the laser beams wiich in
turn determines the modulation of the complex index of
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FIG 10 116G scattering efliciency as a function of crossing
angle of the wnite beams for excitation into the ‘T, band of
Cr' doped GGGM.

refraction and the absorption coefficient. The coeflicients
in the expression for 1) are found numerically.

fn Fig. 10 the scattering efliciency is plotted as a func-
tion of the crossing angle for excitation ‘nto the *7 band

FIG. 11. LIG scattering efficiency as a function of crossing
angle of the write beams for excitation nto the ‘7, band of
Cr'*-doped GGGM.

of GGGM. Solid circles represent the experimental data
points whereas the solid line denotes the theoretical fit.
The good agreement between theory and experiment
shows that for write beam powers well below saturation,

TABLE 11. Parameters for the best fit to the scattering efficiency vs crossing angle plot and the de-
phasing time T, for Cr’*-doped laser materials. NA indicates that the data is not available.

Material T,
and transition Dy D) D} DY (ps!
Alexandrite (Ref. 12) 0.006 0.015 0.135 0.00002 30+5
{inversion}

ATZ

Ruby (Ref.12) NA NA NA NA 1.5+3
41'2

Alexandrite (Ref. 12) NA NA NA NA 22t4
{mirror)

CTZ

Alexandrite (Ref. 14) 0.250 0.650 0.350 0.0015 55.3
{mirror)

“E i

Emerald (Ref. 29) 50%1077 10x1077 2.0x10°° gox10°"° 1.2

g

I,

GGG 0.205 0.20 0.230 0.0007 1.35£0.5
.,

GGG iRef. 9) 0.2—0.45 0.09-~0.2 0.27-0.31 0.01—-0.05 0.008 —0.033
l‘r‘

GSGG 0.210 0.18 0.240 0.001 0.77+0.5
‘,"}

GSGG Ref. 9) 0.30 0.30 0.31 0.01 0.033
‘r,

GOGGM 092 0.01 0.100 0.05 0.0028 £0.0005
l'r‘

GGGM 0.200 0.22 0.235 0.001 0.921+0.5
Av‘,-]

11L.GG 0400 0.280 0.303 0.015 0.7410.5

:I-l
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F1G. 12. Scattering efficiency as a function of crossing angle
for the excitation into *T, band of Cr’" ions in Cr’*-doped
GGG.

the twa-level system gives a reasonable description of the
results. The values of the parameters used to obtain the
best fit along with the calculated dephasing times for
different materials used in this survey are given in Table
II.

Figures 1114 give the experimental data and theoreti-
cal fits for the scattering efficiencies as a function of the
write beam crossing angle for the excitation into the *T,
band of GGGM, GGG, GSGQG, and the "T, band of
LLGG, respectively. The values of the parameters used
to obtain the best fit and the corresponding dephasing
time are given in Table 1.

The expression for the dephasing time T, is given by'

1/T,=1/T,+1/T5?, (7

¥ T

cri*. doped Gd-Sc-Ga-O

. ‘ Aex‘:-SQO nm
O<8L T =10K g
® Expt.
06}t — Theory Ny

n (arb. units)

) 3 6 9 12

crossing angle (deg)

FIG. 13 LIG scattering etiiciency as a function of crossing
angle of the write beams for excitatton mto the *T, band of
Cr'' -doped GSGG.
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FIG. 14. LIG scattering efficiency as a function of crossing
angle of the write beams for excitation into the *T, band of
Cr’*-doped LLGG.

where T, is the relaxation time of the excited level and
TP is the time associated with the scattering mecha-
nisms.

For excitation into the *T, band, the dephasing is dom-
inated by the time an ion takes to relax to the metastable
2E level. This relaxation can follow two possible paths as
described by the model proposed by Gilliland er al.'*
Figure 15 (adopted from Ref. 14) shows the energy-level
parabolas for Cr’* ions. The laser excites an ion into an
excited vibrational level of the *T, band at point A. It

2f
“E
(3]
%
w

1 3

[
Ay
)

q (arb. units)

FI1G. 15. Model used to analyze the dynamices of the nonradi-
ative decay from the *T, level 1o the 'K level of Cr*' ions
Alexandrite. The solid vertical hne represents optical absorp-
tion (adopted from Ref. 14).
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FI1G. 16, T),-dephasing time and the ratio K, (ISC)/K(IC)
as a function of AE,, (the energy difference between the peak of
the *T', hand and the peak of the E band in the absorption
spectrum of Cr'' -doped laser materials).

can then relax within the *T, band following the path
through point B (where the two parabolas cross). The ex-
citation then crosses over to the 2E state and emits pho-
nons until it reaches the bottom of the *E potential well.
This process is called internal conversion (IC) and the
corresponding nonradiative rate is denoted by K. (IC).
Alternatively, the excited ion can relax by immediately
crossing over to the 2E band at point B’ and then emit-
ting phonons to reach the bottom of the potential well.
This process is called intersystem crossing (ISC) and the
corresponding nonradiative rate is denoted by K, (ISC).
As noted in Ref. 14, after the first step is taken, the entire
path for the dephasing is determined. The dephasing
time T, is directly affected by whether IC or ISC path is
the preferred channel for the nonradiative relaxation.
Since the details of this process are described in Ref. 14,
we will only mention the important points.

The nonradiative decay rates are calculated using stan-

dard perturbation theory techniques.'® The vibrational
)
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FIG. 17. Dephasing time (T,) as a function of the ratio
K(ISC)/K(C).

matrix elements are calculated using a single effective
phonon frequency and Morse potential wave functions (o
account for anharmonicity.’®”?" The multielectron re-
duced matrix elements involved here are expressed in
terms of the single-electron reduced matrix elements
which have already been tabulated by Sugano et al.™®
Due to the difficulties involved in calculating the exact
electronic wave functions needed for the evaluation of the
single-electron matrix elements, only the ratio of the two
rates K, (ISC)/K (IC) is considered.

Calculations were performed for the Cr-doped laser
materials ruby, alexandrite, emerald, GGG, GGGM, and
GSGG, which have been investigated by FWM spectros-
copy. The results can be used to determine the relation-
ship between the dephasing process and the energy

TABLE 111, Results of dephasing time measurements on Cr’*-doped laser materials for pumping

into the ‘T, band.

AE,, Aa An

Material {em™") K, (ISC/K (1O {em™" (107%
Alexandrite (Ref. 12) 5500 0.0011 2.52
{Inversion)
Ruby (Ref. 12) 3850 31 0.001 06 8.16
Alexandrite (Ref. 12) 1950 13 0.0019 1.83
(Mirror)
Emerald Ref. 29) 1800 40 0.22 13
GGG 1650 2.6 0.0093 1.44
GGGM 1250 2.3 0.0635 0.38
GSGG 1150 2.2 0.003 1 0.35
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difference between the peak of the *T, band and the peak
of the 2E band in the absorption spectrum denoted by
AE,,. Nonradiative decay rates were calculated for the
two possible dephasing paths and results of the calcula-
tions are given in Table 111,

It is interesting to note that for all the materials con-
sidered, the ratio K (ISC)/K(IC) is greater than I.
This generalizes the conclusion drawn in Ref. 14 that in
Cr-doped laser materials, after pumping into the T, lev-
el, the dominant relaxation path for the excitation is ISC
and not IC.

In Fig. 16 the ratio K, (ISC)/K ,(IC) and the dephas-
ing time are plotted as a function of the energy splitting
AE,,. The two quantities have the same dependence on
AEPP. To further demonstrate this relationship, the de-
phasing time T, is plotted as a function of the ratio
K, (ISC)/K (IC) in Fig. 17 and the result is a straight
line.

111. DISCUSSION AND CONCLUSIONS

Investigations of long-range energy migration have
been carried out on several different Cr’*-doped laser
crystals. No long-range energy migration was observed
in ruby, the inversion site ions in alexandrite, or LLGG.
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Detailed information on ion-ion interaction rales and
exciton-phonon scattering rates was not available from
the previous results reported for GGG and GSGG.
Table IV summarizes the results for GGG, GSGG,
GGGM, LLGG, emerald, ruby, and inversion and mirror
site ions in alexandrite. The characteristics of energy
transfer vary significantly from host to host depending on
parameters such as the distance between the Cr’' ions,
the lifetime of the metastable state, the spectral overlap
between absorption and emission, and the electron-
phonon interactions. The variation of each of these pa-
rameters from host to host makes it difficult to establish a
simple trend for energy transfer in Cr® ' -doped crystals.
One critical parameter in a diffusion or random walk
picture of energy migration is the spacing between the
sites of the lattice on which the random walk is occur-
ring, designated as a. In this case a is the average separa-
tion between Cr’™" ions. This appears explicitly in the ex-
pression for both the ion-ion interaction rate V and the
diffusion coefficient D. This separation is affected by the
Cr’* concentration in the sample, the host lattice spac-
ings, and the distribution properties of the Cr*' ions in
the host. For mirror sites in alexandrite crystals, it is
well known that the Cr'' ions are not distributed ran-
domly and the value of ¢ used in Table IV was estimated
from previous measurements on this sample.'>"™ For the

TABLE IV. Energy mugration parameters for Cr’*-doped laser crystals. NA indicates that the data is not available.

Material
and Dgq AE D 14 a T a N [
transition fem 't fem ) (107 cmi/sec)  (10° sec™) (107 see™)  (K) (A) a0 an 10 0 my

Alexandrite 2200 6400 0 NA NA ALL 41 2.5 NA
{tnversion)
o,
(Refs. 12,14,31)
Ruby 1820 2300 0 NA NA ALL 59108 79— 490 3
E
(Ref. 35)
Alexandrite 1680 800 3 12 200 25 27 89 12
{mirror) \
g
(Refs. 14,31)
Emerald 1620 100 28 1.9 2.6 12 10 177 31
T,
(Refs. 29,34,35)
GGG 1597 298 1 NA NA 18 NA 140 NA
‘Tl
Refs. 4,9
GGGM 1567 100 6410 42 12 18 15 54 16
(Ref. 10)
GSGG 1565 50 10 NA NA 230 NA NA NA
J'II
(Refs. 4,91
LLGG 1480 = 1000 0 NA NA ALL 15 50 NA

'
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other samples, the values listed for a are the average
Cr** separations assuming a uniform distribution of ions.
This of course is a rough approximation to the true situa-
tion of randomly distributed impurity ions. Note that for
the two high crystal-field cases of ruby and alexandrite
inversion siles, the values of a are extremely large. This
results in a very small value for ¥ and thus explains the
lack of long-range energy migration in these cases.

The samples in Table IV are listed in order of decreas-
ing crystal field. As the crystal field decreases, the popu-
lation distribution of the excited state of the Cr’* ions
changes from being primarily in the XE level to being pri-
marily in the *T", level. The latter level has a shorter life-
time and larger Stokes shift compared to the former level.
The lifetime decrease results in an increase in ¥ while the
increased Stokes shift decreases the spectral overlap in-
tegral thus decreasing the number density of ions, N and
F. The value of the ion-ion interaction rate decreases by
an order of magunitude between alexandrite (M) and em-
erald and then increases by an order of magnitude be-
tween emerald and GGG. The fluorescence lifetime is
not significantly different for alexandrite (M) and emerald
samples so the observed decrease in V is associated with
the decreased spectral overlap. The increase in the case
of GGGM may, however, be associated with the smaller
fluorescence lifetime in this sample. The increased values
of D for these three samples is associated with the de-
creased values of a as well as changes in the number den-
sity of ions, N. The value of V was found to be essentially
independent of temperature at low temperatures for alex-
andrite mirror sites and the GGGM sample indicating
that @ and N do not vary with T in this range. However,
in emerald V was found to increase with temperature be-
cause N increases.’® The temperature dependence of V
was not determined for the other sampies.

The values of the scattering rate a which limits the
mean free path of the migrating energy varies from alex-
andrite (M) 1o GGGM and is found to increase with tem-
perature. Since the details of the exciton-phonon cou-
pling are not known, it is not possible to predict the
sample-to-sample variation in a.

From the discussion above, it is possible to understand
the observed differences in the energy diffusion coefficient
D from sample to sample. The values of D increase with
increasing ion-ion interaction rate and decrease with in-
creasing excitation scattering rate. The diffusion
coefficient increases with temperature in emerald where V
is phonon assisted but decreases with temperature for
alexandrite mirror sites and GGGM where V is constant
and a increases with temperature. Recently Kaplyanskii
has combined the techniques of site-electron spectrosco-
py and Stark shifting of spectral lines to distinguish be-
tween resonant and nonresonant energy transfer between
Cr’* ions at low temperature.’® He observed “‘anoma-
lously fast and effective’ resonant energy transfer among
the Cr’* ions in mirror sites in alexandrite crystals but
not in ruby crystals. His results are consistent with the
results of FWM studies of energy migration in these sam-
ples.

Comparing the results obtained on the dependence of
the FWM signal magnitude of the crossing angle of the
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write beams with the model proposed by Gilliland er al.'
for the dephasing mechanism in Cr-doped materials, we
conclude that internal conversion is the dominant relaxa-
tion path when the chromium ions are excited to the *T,
level. This is due to the fast relaxation of the excitation
to the bottom of the *T, configuration potential well.
The information on optical dephasing obtained from
FWM measurements pumping into the *T, level shows
that radiationless relaxation to the E level through inter-
system crossing is the dominant dephasing process in
these Cr**-doped laser crystals. The relative importance
of dephasing through internal conversion within the *T,
level becomes more important as the crystal field of the
host decreases.

The analysis for determining the dephasing time,
change in refractive index {(An), and the change in absorp-
tion coefficient (Aa) assumes an effective two-level system
model. The use of this model, despite its simplicity, has
been justified on the basis of its ability to predict values of
Aca which are consistent with values determined indepen-
dently by ground and excited-state absorption measure-
ments. Such checks have been done when values of the
excited-state absorption cross section o, are avail-
able, such as for alexandrite,” ruby,*> GSGG,* and em-
erald. %

Recently, the results of FWM measurements on
Nd’*-doped materiais has been analyzed using a model
based on an effective four-level system.“’ In this model,
the laser beams interact with ions both in the ground
state and metastable state. The transitions from the
ground and metastable states to higher-energy states is
accounted for by combining the upper states into two
effective states. A density matrix formalism yields the
change in the real and imaginary parts of the nonlinear
susceptibility between ions in the peak and valley of a
population grating. By measuring the absolute magni-
tude of the FWM signal in a variety of samples, it was
concluded that the dominant contribution to the signal
comes from the real part of the nonlinear susceptibility
associated with the off resonant, allowed transitions to
the levels of different configuration in the ultraviolet
spectral region. The relative values of An and Aa ob-
tained in this work are consistent with the proposed mod-
el. In this case the weak contribution to the signal associ-
ated with the imaginary part of the nonlinear susceptibili-
ty comes from the resonant interaction with the pump
transition, Recognizing the contributions due to these
two different types of transitions, the expressions for An
and Aa will be the same for the two-level and four-level
modes.

It is important to note that the procedure for using the
two-level system fit to the crossing angle dependence of
the FWM scattering efficiency to find the dephasing time
should be approached with caution. This approach has
been justified on the basis that values found for Aa are in
good agreement with those values found independently
from excited-state absorption measurements. Equation
(11) shows how Aa depends on the fitting parameter Dj;
however, the computer fit to the crossing angle depen-
dence of the FWM scattering efficiency can be relatively
insensitive to the parameter Dj. This may result in large
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error bars for Aa and thus a large error in the value
determined for T, which is dependent on Aaq, as shown in
Eq. (13).

Accurate confirmation of the values of T, determined
by these FWM measurements must come from a direct
measurement of the dephasing time. Photon echo mea-
surements are currently being made on these Cr**-doped
materials to determine T,
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Iv. NONLINEAR OPTICATIL., PROPERTIES
OF CRYSTALS AND GLASSES

The six manuscripts in this section describe the results of
investigations of two classes of nonlinear optical materials,
rare earth-doped glasses and displacive ferroelectrics. The
first five papers focus on a new method for producing laser-
induced holographic gratings in glasses. This type of laser-
induced refractive index change forms the basis of devices for
optical t:chnology applications such as demultiplexers, filters,
beam deflectors, and optical 1limiters. This method developed
involves generating a significant number of local vibrational
modes by radiationless relaxation of the resonantly pumped rare
earth ion. These local vibrational modes provide enough energy
to cause a structural change in the glass host surrounding the
rare earth ion and this changes the refractive index. The
gratings are stable at room temperature and can be erased
thermally. The important new results of this investigation
include characterizing the effects of both alkali and alkaline
earth modifier ions on the efficiency of grating formation,

3+ jons in the

demonstrating the difference between Pr3* and Eu
dynamics of grating formation, developing a two-level system
model to describe the local structural modification, developing a
polarizability change model to explain the origin of the
refractive index <change, and demonstrating the device
capabilities of these materials for holographic information
storage, demultiplexing, and amplitude modulation of 1light

signals. The fifth manuscript describes the radiative and

radiationless relaxation processes that take place in Eu3+-doped




fluoride and oxide glasses under high-power, picosecond-pulse
excitation. A comparison of these spectral properties
originating from excitation into highly excited states of the
rare earth ion is useful in determining the best host glasses for
producing holographic gratings.

The final manuscript describes a comprehensive investigation
of the nonlinear optical properties of KNbO,. This 1is a
displacive ferroelectric crystal that can be used for frequency
doubling, photorefractive phase conjugation, and other
applications related to its electro-optic properties. Using
continuous wave four-wave mixing and two-beam energy transfer
techniques the properties of charge relocation dynamics resulting
in a photorefractive effect on a millisecond time scale were
determined. The effects of different types of doping ions on
these photorefractive properties were measured. In addition, the
nonlinear optical response of the material to picosecond pulse
excitation was investigated. The results of these experiments
revealed laser-induced absorptive changes on time scales of a
nanosecond and an ultrafast, picosecond response. The latter can
be affected by contributions from several physical sources.
However, one important physical processes that was identified is

\
stimulated scattering from niobium hopping modes.
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The properties of permanent, laser-induced gratings were studied in Eu’*-doped glasses. These
gratings are associated with a structural modification of the glass host in the local environment of
the Eu’* jons, and we have investigated the effects produced by altering the Eu’* concentration and
by changing the composition of the glass host. A two-level-system model is developed to explain

the resuits.

1. INTRODUCTION

We have previously reported the observation of per-
manent, laser-induced refractive-index gratings in Eu’*.
doped glasses using four-wave-mixing (FWM) tech-
niques.' ~* These gratings were established using crossed
write beams in resonance with the 'Fy-*D, absorption
transition of the Eu®* ion and displayed buildup times of
the order of 15 min. The grating is stable at room tem-
perature but can be erased thermally by heating the cam
ple to temperatures above room temperature or it can be
erased oplically with a single beam tuned in resonance
with the "Fy-*D, transition of the Eu** jon. No grating
formation or erasure occurs if the laser beams are not in
resonance with the 7FO-SD2 absorption transition of the
Eu'* ion.

A model was proposed to explain these gratings in
which the network former and network modifier ions of
the glass host can arrange themselves into two different
configurations in the local environment of the Eu** ion.
This leads to double-minimum potential wells for the
Eu’" electronic energy levels. It is assumed that the ma-
terial possesses a different index of reiraction depending
on which configuration is present. When the Eu’”" ion
relaxes nonradiatively from the *D, level to the *D, level
several high-energy ‘‘phonons™ are created. The local
heating produced by the vibrational modes can produce a
change in the structure of'the local environment of the
Eu’* ion by causing the ions to move from one equilibri-
um configuration to the other.

In this paper we extend our previous work by looking
at different hosts, altering the Eu'* concentration, and
varying th~ network modifier ion in a series of silicate
glasses. Firally, the details of the two-level-system model
are developed to provide a quantitative explanation of the
data.

IL. EXPERIMFNTAL RESULTS OF SCATTERING
EFFICIENCY MEASUREMENTS

A. Effects of Eu’* concentration

To study the effect of the Eu’*.ion concentration on
the permanent, laser-induced grating, samples were ob-
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tained whose compositions varied only in the Eu’" con-
centration. The first samples investigated were two
Eu’*-doped metaphosphate samples, one with a compo-
sition of 90 mol % La(PO,), and 10 mol % Eu(PO,);, and
the other with 50 mol% La(PO,); and 50 mol %
Eu(PQO,),. These are labeled MP10 and MP50, respec-
tively.

Permanent, laser-induced gratings were written in each
sample at room temperature and the scattering efficiency
of these gratings was measured using a HeNe laser for
the read beam. The experimental configuration and pro-
cedures used were the same as those reported previously.'
It was found that the laser-induced grating signal intensi-
ty of the MP50 sample was eight times stronger than that
of the MP10 sample. This is consistent with the double-
minimum potential-well model discussed below.

One other set of samples was investigated along this
line, a lithium borate glass, LB1S, with a composition of
75 mol % B,0,, 10 mol % Li,0, and 15 mol % Eu,0,. 1t
was possible to establish a permanent, laser-induced grat-
ing in this sample whereas in a previously investigated
lithium borate sample, LB1, with only 1 mol % Eu,0, no
grating was created.

B. Effects of modifier ions

To study the effect of the network modifier ions of the
host glass on the ability to produce gratings with high
scattering efficiencies, five silicate glasses were obtained
which had identical compositions except for one modifier
ion. This modifier ion was changed through the series of
alkali-metal ions Li, Na, K, Rb, and Cs. The exact com-
positions of these glasses are listed in Table I.

Permanent, laser-induced gratings were written in cach
of the five samples at room temperature and measure-
ments were made of the scattering efficiencies using a
HeNe laser for the read beam. The effective scattering
efficiency, which is defined below, was found to decrease
as the modifier ion was changed as Li—Na-.K
~+»Rb—Cs and the results are shown in Fig. | where the
experimental values of the effective scattering efliciency
are plotted versus the mass of the alkali-metal modifier
ion. The solid line represents the best fit to the data using
the theoretical treatment discussed in Sec. 111.

6076 (©1989 The American Physical Society
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TABLE 1. Composition of silicate glass samples investigated.
(Notation discussed in text.)

Sample

1.S5

NSS

KSs

RSS

CSs

Sample composition (mol %)
Network

Network
former

modifier

Eu
conlent

70 Si0,

70 Si0,

70 SiO,

70 SiO,

70 SiO,

15
5
5

1S
S
5

15
5
5

5
5
5

15
5
5

Li,O
BaO
ZnQ
Na;O
BaO
ZnO
K,0
BaO
Zn0
Rb,0
BaOQ
ZnO
CSIO
BaO
Zn0

S EUZO)

5 Eu,0,

5 EUIO)

5 EUZO]

5 EUZO)

C. IFluoride glasses

Along with the other samples investigated a new

fluoride glass was acquired, CLAPS, with a composition
of 36.1 mol % PbF,, 26.1 mol % CdF,, 27.1 mol % AlF,,
4.7 mol % LiF, and 5.0 mol % EuF;. No permanent
grating was observed in this sample. This is the same re-
sult as obtained previously with other fluoride glasses. >
The lack of permanent grating formation in fluoride-
glass hosts is consistent with the fact that Eu’*-doped
fluoride glasses have been shown? to exhibit a significant
amount of radiative emission from the *D, levels above
’D,. This results in fewer ions relaxing nonradiatively
from the *D, and °D, levels to the *D, metastable state

30

( arb. units)
o ® s

'1."
D

FIG. 1. Scattering efficiency of the samples listed in Table I
as a function of the mass of the alkali-metal ion. W, experimen-

tal points;

i

5 10

15

mass (10"g)

, theoretical points.

25
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leading to a smaller number of high-energy “phonons”
being available. Since it is these high-energy local mode
vibrations which are responsible for the formation of a
permarent, laser-induced grating, no grating will be pro-
duced in these glasses.

In contrast, it was found that in a fluorophosphate
glass, (FP, Schott FK-54}, with 5 mol % EuF,, it was pos-
sible to produce a permanent, laser-induced grating. This
implies that the fluorophosphate glass contains enough of
the characteristics of the phosphate glasses to allow for-
mation of the permanent grating,

D. Temperature dependence of scattering efficiency

The temperature dependence of the laser-induced grat-
ing signal intensity in an EP sample was measured at
temperatures above room temperature and the results
were reported previously.! This section reports the re-
sults of measurements of the laser-induced grating signal
intensity at temperatures below room temperature. To
obtain the data the sample was mounted in a cryogenic
refrigerator and the temperature was lowered to the
desired level. Then a permanent grating was written and
the scattering efficiency measured. This procedure was
repeated at each temperature of interest. The laser-
induced grating signal intensity is plotted versus tempera-
ture in Fig. 2.

As can be seen from the results, the trend toward
higher laser-induced grating signal intensities continues
at lower temperatures. However, there is a change in the
slope between high and low temperatures. The solid lines
in Fig. 2 describe an exponential temperature variation
of the form
(n

I'=1I,exp I;_'I—'

where A is the activation energy. The values obtained for

s)
b
o

I (arb unit
i

1
] 1 1 1
26 32 38 44 50 56 62
1 (107K
L (107k")

FIG. 2. Intensity of signal beam of the EP sample as a func-
tion of temperature.
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A in the high-temperature and low-temperature regions
are 2219 and 189.6 cm ™', respectively.

I1I. THEORETICAL MODEL

i

In the double-minimum potential-well model the net-
work former and network modifier ions of the glass host
can arrange themselves in two possible configurations in
the local environment of the Eu’* ion. Thus these ions
or groups of these ions have available to them two mutu-
ally accessible equilibrium positions and move in a poten-
tial of the form shown in Fig. 3. In this model it is as-
sumed that the index of refraction depends on which
configuration is present. Thus the total index of refrac-
tion of the material will be of the form

n=nlN,+n"N" » (2)

where Ny is the population of well I (II) and ny (yy, is
the index of refraction per ion populating the well. When
the laser beam is turned on the population of the wells
will display a time dependence of the form

dN (1)
=—p Nt} +puNylt), 3)
dt
AN (D)
dt =pIN () —pyNylt), 4)

where p; , is the jump frequency and is the probability
per unit time that the ion will have enough energy to
jump from well I (II) to well II {I). In these experiments
the system is allowed to reach equilibrium before mea-
surements are taken. Thus the population of each well
can be taken as constant and Egs. (3) and (4) give the ra-
tio of the populations of the two wells as

i) _ P (5)
Nyleo)  py
E
3
\
I IX

m_—p
]
<
m.—»

II

—d —>

FIG. 3. Model itwo-level system.
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where py y; is given by*

El,ll
ksT |-

P =V uexp (6)

kg is Boltzmann’s constant and vy ;, is the attack frequen-
¢y which is the number of attempts the ion makes at sur-
mounting the barrier of height E, ;. Equations (5) and
{6) lead to the thermal equilibrium condition

N](m) _ L4 _ Ae
Nyl v PR

exp , ()]

where A,=E|—E,. The equations derived so far are
completely general and are valid for single-beam or
crossed-beam experiments.

For crossed beams the intensity of the laser-induced
grating signal is given by’

Ic:lnp—nulz, (8)

where n, and n, refer to the index of refraction of the
peak and valley regions of the laser-induced grating with

n,=nyNy(0)+nyNy,(o), 9)
nu=n|N|u(°0). (1,

The p and v subscripts refer to the peak and valley re-
gions of the laser-induced grating whereas the I and 1l
subscripts refer to the potential well occupied. In arriv-
ing at Eq. (10) it is assumed that the ions in the valley re-
gion of the grating remain in well I for all times. These
equations lead to the following expression for the laser-
induced grating signal intensity:

T [Ny, (0)Ang_ 2, (tn
where Any ., =n; —n,. By using the thermal equilibri-
um condition and the fact that the total population of the

wells must remain constant, the laser-induced grating sig-
nal intensity can be written as

NI An, _,|?
_Ae
kg T

I« - (12)

v
l+—"—exp
Y

where N(0) is defined as N, (0)=N,(0}=N(0).

This model can be used to interpret the observed
changes in laser-induced grating signal intensities. For
the MP50 sample and the MPIO sample the only
difference will be in the initial population of configuration
. The ratio of the laser-induced grating signal intensities
will be given by

N (0)s,

2
I5o

IIO

(13)

o

This ratio ol ihe squares of the initial populations was
calculated usmng :he Eu’" concentration and the size of
the peak region of the grating and was found to be 56.33.
This number is larger than the measured ratio of cight,
however, taking into consideration the simplicity of the
model which does not include any saturation effects




-_—

39 PROPERTIES OF LASER-INDUCED GRATINGS [N Eu-DOPED . . .

which have becen seen in power dependence measure-
ments,' the model does a fairly good job in predicting the
relative change in laser-induced grating signal intensities
with a change in Eu®* concentration.

This model can also be used to explain the results
shown in Fig. 1. Since the only component of these
glasses which has changed is the alkali-metal ion and it is
seen that the effective scattering efficiency varies as the
mass of this alkali-metal ion, this alkali-metal ion can be
taken as the ion that is moving to provide the double-
equilibrium configuration surrounding the Eu’" ion. In
Eg. (12}, N{(0), which is the initial population of well I,
will depend on the size of the peak or valley regions of
the laser-induced grating. Therefore, the effective
scattering efficiency is defined as

{Any_|?
Vi = 21 « Ll = . (14)
N l+v” -4,
—ex
Vi p kBT
The attack frequency v, is proportional to the mass of
the 1on in the well and can be expressed as
102
ki

' (15)

m

i {

where k(| is the force constant of well LII, respectively,
and m is the mass of the ion populating the well. Anj,_,
is the change in refractive index per ion and is treated as
an adjustable parameter. The term A, which is the
difference in the minima of the potential wells can be ex-
pressed more specifically using the mathematical formal-
ism developed to describe a double-minimum potential
well.®

Basis states [¢,) and |¢,) are chosen which are ground
states for the appropriate single-well potentials. These
basis states are cigenstates of the Hamiltonian of the un-
perturbed system H, with cigenvalues E,| and E,,

Hobd)=Elb,) , (16)

Hyldy=E,14;) . (mn

\

Upon applying a perturbation W which couples |¢,) and
{4,) the Hamubtonian matrix will become

Ay, I

6079

E +{$Wig,)
(o,lHlg))

<¢1]H]¢2)

(H)= E,+{¢,IWlg,) | -

(18)

To a good approximation (¢,| W, ) <<E,. Defining the
zero of energy to be midway between E, and E, the
Hamiltonian matrix will become

1 Ae A0
Hy=— ,
(H) 2|8, —a, {19)
where 4 is defined as
80=2(¢\|Hl¢;) . (20)

Ag/2 is the coupling energy and is the difference between
the two lowest symmetric states. The solution for the
coupling energy is derived in a number of quantum
mechanics text books and is given by’

amV, 172

Ag=fiwgexp | ~d 5 . 2n

where fiwg is an energy roughly equal to the zero-point
energy and will vary as 1/V'm . For this reason we can

write
Ag=1h k " d 2 Vé " (22)
o=A |~ expi -4 p) ,

where k is the force constant for the initial configuration.
The coupling energy can be related to the asymmetry
by®
A

0
tanf=— , (23)
an AE

where 6 is a measure of the mixing of the original eigen-
states due to the perturbation. Combining Eqgs. (22) and

(23) gives
172
l . (24)

Inserting this into Eq. (14), the effective scattering
cffictency becomes

172

# 2mV,

-d
tan@

m

A= exp

Ny & N J 4 177
I+ Jexp -

— ~d
vy ' | kyT tang

— exp
m

Equation (25) was fitted to the experimental values of
the effective scattering efficiency with {Any_ 1%, vy /v,
Aivk /kpTtand, and d(2V,/#)'/? treated as adjustable

2mV,

1727

parameters. The best fit to the data is the solid line plot-
ted in Fig. 1 where the fallowing values were found for
the adjustable parameters:
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|any_,1}=2.787%107Y,

A =1.329
Vi
Avk =2.25X10'%'"?
kyT tand
9 172
d|=>| =2.39%x10'g'"2,

It is seen that as an ion moves from one potential well
to the other the index of refraction changes by
5.279x 10”1, The number of ions that accumulate in
well 1I is of the order of 1X 105, This gives a total

change in the index of refraction of 5.279X 1073, This

number is of a similar order of magnitude to that found
in other experiments.’

From the ratio of the attack frequencies the relation-
ship between the force constants of the individual well
can be found. From Eq. (15) it is seen that

172
rﬂzlfﬂ /

" k (26)

[t is seen that the force constant for well II; k", is 1.329
times larger than that for well I, k.

It is also possnble to approximate the distance between
the two wells, d, using the last parameter. From Fig. 3 it
is seen that ¥y must be as large as A, /2. Taking V, to
range from 3000 cm ™' for LSS to 45 cm'I for CSS leads
to values of d from 0.023 to 0.189 A, respectively. It
should be remembered that this model has considered
only the alkali-metal ion to be the source of the double-
minimum potential well. There are realistically many
ions involved and the small values for d suggest that even
though individual ions may move over large distances,
the net effect on the configuration coordinate is minimal
in moving between equilibrium configurations,

From the final two adjustable parameters it is possible
to calculate A, for each sample using Eq. (24). These
values are listed in Table II. [t is observed that as the
mass of the network modifier ion increases there is a
dramatic change in the asymmetry. As this ion becomes
heavier the difference in the minima of the two wells be-
comes less, implying,that the change in the local environ-
ment of the Eu’* ion becomes less pronounced as you go
as Li—+Na—K —Rb—Cs. It has been reported that in
binary alkali silicate glasses the glass becomes more or-
dered as the radius of the alkali-metal ion increases.'’

TABLE II. Summary of parameters.
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This same trend would be expected to continue in these
glasses and as the glass becomes more ordered there
would be less opportunity for multiple configurations
leading to a smaller asymmetry between the two potential
wells.

From Eq. (7) and the fact that the initial population of
well T must equal the final population of well | and well
I[, it is possible to find the final populations of the two
wells for each sample. These populations along with the
ratio of the final population of well II to the initial popu-
lation of well I are given in Table I1. This ratio can be in-
terpreted as the relative effectiveness of moving an ion in-
itially in well [ to well I1. It is observed that in LSS, NS5,
and KS5 almost 100% of the ions are driven into well I1.
In RSS and CSS$ a majority will end up in well 11, howev-
er, it is a much smaller number than in the first three. In
the heavier alkali-metal glasses it is harder to trap the
ions in well I1, implying the change in local environment
of the Eu’* ions is less than in the lighter alkali-metal
glasses.

The inability to produce a laser-induced grating in
fluoride glasses is also consistent with the double-
minimum potential-well model which requires the pres-
ence of high-energy “phonons” to enable the ions to sur-
mount the barrier and hop from well I to well II. With

“the absence of the high-energy local mode vibrations pro-

duced by radiationless relaxation of the Eu’" ions the
ions remain trapped in well I and no grating will be pro-
duced.

Finally, the temperature variation of the laser-induced
grating signal intensity can be explained using the sume
model. Solving Eg. (7) for N () and substituting
directly into Eq. (11) leads to the following equation for
the laser-induced grating signal intensity:

2
V,

24,

2n
kyT

< Nileo)An} _, exp

Vi

Thus the measured activation energy iy half the asym-
metry. From Sec. II D the activation energy was mea-
sured to be 2219 cm ™! leading to an asymmetry of 1109.5
cm”! for the high-temperature case. Even though this
glass is different than the silicate glasses discussed above
it is seen that the asymmetry is of the same order. The
low-temperature activation energy was found to be 189.6
cm™!, giving an asymmetry of 94.8 cm ™', This suggests
that as the temperature is lowered the minima of the two
wells approach each other implying that the ditference in
energy of the ions in each well at low temperature is not

Sampl a, lem™) N, (0) Ny(w) V) Nule)
ample e lc @ AT o
P m ‘ ! " N (0)
LSS 6068.38 1.041 x 10" 0 1.041 X 10'® 1.00
NS5 1714.43 1.809 % 10'® 1.ox 10" 1.808 X 10'® 0.999
KSS 838.61 0.815x 10" 1.81x 10" 7.969 x 10'3 0978
RSS 225.84 0.718x 10" 221%x10" 4972 10" 0692
Css 89.69 0.442x 10" 2.04x10" 2376 x 10" 0.538




as great as at high temperature. This leads to the con-
clusion that at low temperature the local structure
around each Eu’' ion is close to the same in each
configuration. This seems to be reasonable since at low
temperature you would expect the structure to resist
changes to a new configuration whereas at high tempera-
tures the changes are more likely.

IV, DISCUSSION AND CONCLUSIONS

The double-minimum potential-well mode} used to de-
scribe the formation of the permanent, laser-induced
grating agrees well with experimental results. It also pro-
vides some insight into the physical processes involved in
the formation and erasure of these gratings. However,
caution must be used in the interpretation of the physical
parameters since a simple model is being used to describe
a complex and poorly understood physical system.

The Eu’' ions play a major role by providing the
high-energy local mode phonons required to produce a
structural modification of the glass host. The strength of
the grating which can be produced is proportional to the
concentration of Eu'" ions, however, at high Eu'* con-
centrations saturation effects occur.

The structure of the glass host in the local environment
of the Eu'" ions is also important to the formation of the
grating. By changing one of the network modifier ions,
variations in the laser-induced grating signal intensity
can be produced.

As a simple model consider the glass to consist of point
masses connected by springs. These point masses have
available to them two equilibrium configurations which
result from a change in position or a change in the {orce
constants of the springs to which they are attached. In-
dependent measurements have shown the elastic con-
stants of the glasses to decrease from LSS to CSS.'" This
implies that the two equilibrium configurations will be
more stable in the lighter alkali-metal glasses than in the
heavier ones. This will result in a larger value of
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Nyl 0)/N(0) in the lighter alkali-metal glasses than in
the heavier alkali-metal glasses and is what is observed in
Tabie I1.

Stronger elastic constants also suggest there will be less
displacement of the ions in the lighter alkali-metal
glasses. This is exactly what was calculated in Sec. 111
where it was found that d ranged from 0.023 A for LS5 to
0.189 A for CSS. Also in Sec. Il it was discovered that
the ratio of k; to k; was 1.329. Since k, decreases {rom
LSS to CS5, Ak =k, —k, will also decrease from the
lighter to the heavier alkali-metal-ion glasses. This sug-
gests that A, should be largest in LS5 and decrease to its
smallest value in CS5. However, the actual physical dis-
placement of the ions increases from LS5 to CSS5 and sug-
gests A, should increase from LS5 to CSS. In order to
form a permanent, laser-induced grating whose signal in-
tensity decreases for LS5 to CS5 as seen in Fig. 1, A,
must decrease from LS5 to CSS. Therefore, the change in
force constants must dominate over the change in posi-
tion.

Measurements of the temperature dependence of the
laser-induced grating signal intensity provides a direct
means of obtaining the asymmetry and verifying the
two-level-system model. For the glasses investigated in
this paper the asymmetries, as found by the two methods,
were of the same order of magnitude. Lowering the sam-
ple temperature results in a decrease in the asymmetry
suggesting that as the temperature decreases the glasses
begin to resist changes to their structure. A

All of the above results are important 'when consider-
ing these glasses for potcntml opucal dcvtces Even
though much more is understood concerning the forma-
tion of the grating, the exact structure of the glass host is
<till unclear. Knowledge of this structure will lead to a
better understanding of the processes invelved.
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Four-wave mixing techniques are used to produce laser-induced gratings in Pr®*-doped silicate glasses for the
first time to our knowledge. The characteristics of the laser-induced grating are investigated and compared
with thoge found in Eu’’-doped silicate glasses. An attempt to form a laser-induced grating in an Er’’-doped
silicate glass was made. Under excitation conditions similar to those in previous experiments, no laser-induced
grating could be produced. Differences between the samples are discussed in terms of high-energy phonons,
which are emitted when the rare-earth ion refaxes nonradiatively. Temperature dependences of the laser-in-
duced grating signal intensity are investigated in Eu’'-doped silicate glasses, and the results are compared

with theoretical predictions.

1. INTRODUCTION

Recently we employed four-wave mixing techniques to
produce superimposed permanent and tra .sient {aser-
induced gratings (LIG’s) in a variety of Eu’*-doped
glasses.! Laser-induced holographic gratings of this type
are ol significant interest to technologies such as optical
data processing, medical imaging, and fiber-optic commu-
nication, for which holographic information storage and
retrieval are important. The glasses used to write LIG’s
in these experiments are common silicate and phosphate
glasses. So far we have attempted to write LIG's in Eu?*-
and Nd*'.doped glasses, with success being achieved
only in Eu’’-doped samples.

In this paper we report the results obtained from at-
tempts to write LIG’s in Pr*'- and Er®'-doped silicate
glasses and extend our previous research on Eu®'-doped
silicate glasses to include measurements of the energies of
grating formation. Urating formation was accomplished
in the Pr*' silicate glass, and various properties of the
LIG in this sample are presented. No permanent grat-
ings were observed in the Er®*-doped sample.

The experimental configuration used to produce LIG's
and measure their properties was described previously.?
The output from a Spectra-Physics cw argon-ion laser is
tuned to resonance with a preselected absorption transi-
tion of the rare-earth ion. The values of the argon-ion
laser wavelengths used 1n these experiments are 488.0 nm
for the Pr*'- and Er*’-doped samples and 465.8 nm for the
Eu’’-doped sample. This laser beam is split into two
write beams, which are focused to a 500-um beam waist
and crossed inside the sample. The path lengths of the
two write beams are maintained equal to within the coher-
ence length of the laser. In the region in which the write
beams overlap, a sinusoidal interference pattern is created.
The interference pattern from the crogsed write beams
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creates a change in the optical properties of the sample
with the same shape. This is the LIG whose wavelength,
A, depends on the write-beam wavelength, Aw, and on the
write-beam crossing angle, 26, through the condition

A = nAw/2 sin 26. B8

The LIG is probed by a third beam with wavelength i,,
which scatters off the grating. In these experiments a
He-Ne laser is used as a probe beam. The maximum
scattered signal beam is obtained al the Bragg condition
for the incident probe beam:

nAp = 2\ sin &, 1)

where ¢ i3 the Bragg angle. A mirror is used 1o pick off
the signal beam and direct it through a cut-off fiiter to
eliminate sample fluorescence. A photomultiplier tube 15
then used to detect the signal and the output processed
by a PAR-EG&G boxcar averager, and a hard copy is
recorded. To separate the permanent and the transient
portions of the LIG a chopper is inserted between the
write beams and the sample. When the write beams are
chopped off, the permanent portion of the LIG is the only
signal visible. When the write beams are on, the visible
signal consists of a superposition of the permanent and
transient portions of the LIG signal. Thus the permanent
and transient portions of the LIG signal can be separated
and measured. For measurements of the erase time of the
permanent LIG a single beam, tuned to the same absorp-
tion transition as used to write the grating, illuminates
the grating region. Owing to the length of the erase tune
the output from the photomnuitiplier tube 15 sent directly
to a strip-chart recorder. To measure the temperature
dependence of the permanent LIG the sample 1s mounted
in a resistance-heated f{urnace that can control the tem-
perature between 300 and 775 K
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2. EXPERIMENTAL RESULTS

Permanent changes in the refractive index of a material
can be induced by lasers as a result of several physical
processes. lHowever, most of these processes are not con-
sistent with the experimental observations reported pre-
viously. For example, the photoionization of defects can
cause a change in the refractive index.’® However, the
energy-level scheme for Eu™ in these glass hosts is not
compatible with an ionization trausition at the laser wave-
length and powers used in these experiments. Also, no
spectral evidence was observed for the presence of Eu ions
in valence states other than trivalent. In addition, the
fact that optical erasure occurs only when Eu®* ions are
resonantly exciled is not consistent with the photoioniza-
tion mechanisn.

Thermal processes can diractly produce refractive-
index changes and laser-induced stress-optic changes.
Among these changes are permanent effects that have
heen scen in rare-earth-doped glasses.” However, these
effects occur at higher laser powers than those used in our
experiments. For the laser powers used in these experi-
ments, the thermal properties of the glass hosts produce a
rise in the temperature of the sample of only a few de-
grees, which is too small to give a measurable effect.

The mechanism that is consistent with the observed re-
sults is a change in the local structure of the glass caused
by the vibrational energy released during the radiation-
less relaxation of the rare-earth ions. The radiationless
relaxation transitions of rare-earth ions in glasses have
been shown to be multiphonon emission processes, each of
which generates several high-energy phonons of the order
of 1000 cm ™% Ilere the term “phonon” is used to refer to
any vibrational mode of the host material. Figure 1 dis-
plays the relevant energy levels of several trivalent rare-
earth ions. Since these phonons are generated by the
rare-earth ions and the thermal diffusion in glasses is
slow, they remain localized, thus creating a high level of
nonthermalized vibrational energy around each ion. This
can produce a local effective temperature that is ex-
tremely high, depending on the energy gap that is being
crossed in the relaxation process. For the excitation con-
ditions in the Eu’*-doped-glass experiments, effective
local temperatures of several thousand kelvins can be pro-
duced. This is easily hot enough to permit ionic motion
over ~bort ranges and thus produce a local structural modi-
fication of the host glass. The energy associated with
this local temperature rise'is consistent with the mea-
sured activation energies for the formation and erasure of
permanent gratings. In addition, the time scale of sev-
eral minutes for grating formation and erasure is consis-
tent with the time scale for producing structural changes.

The rare-earth ion plays a key role in the formation and
erasure of permanent LIG's in these glasses since these
ions are the source of the high-energy phonons. To study
this role we conducted experiments on silicate-glass sam-
ples doped with Pr3*, Er®*, and Eu®*.

A. LIG Characteristics in Pr’*-Doped Glass

The characteristics of the LIG in the Pr®* gilicate glass
(70 Si0Oy, 16 Na,;0, 5 Zn0O, 5 Ba0, and 5 Pr;0; in units of
mol. %) were investigated as functions of the laser power
and write-beam crossing angle. The same qualitative be-
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Fig. 1. Partial energy-level diagram for several trivalent rare-
earth ions.

havior was observed in the Pr3*-doped sample as was seen
in the Bu®*-doped glasses."? When the Pr**.doped sam-
ple was illuminated by the crossed write beams tuned to
resonance with the *H,-P, absorption transition, a amall
signal was observed immediately. This was followed by a
gradual buildup of signal intensity. The time required to
reach the maximum LIG signal intensity is of the order of
tens of seconds, with the exact time depending on the
laser power. If the laser write beams are not tuned in
resonance with the *H,~°P, absorption transition, no sig-
nal is observed. When the write beams are blocked, the
LIG signal intensity rapidly decreases. However, it de-
creases not back to the baseline but rather to a value of
approximately 90% of the maximum LIG signal, where it
remains indefinitely. The remaining portion is referred
to as the permanent signal and can be erased by illumi-
nating the grating with a single laser beam tuned to reso-
nance with the same Pr®* absorption transition used to
write the grating. It should be noted that no erasure
occurs if the single beam is not tuned to the *H.-*P, ab-
sorption transition. The erase time is of the order of tens
of seconds, with the exact time depending on laser power.
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This permanent signal can also be erased thermally. The
important thing to note is that the build-up and erase
times in the Pr®'.doped glass are all of the order of sec-
onds, whereas in the Eu®'-doped glass these time scales
were of the order of tens of minutes.

The lifetime of the transient part of the LIG was mea-
sured to be 200 usec, which is approximately the same as
the fluorescence lifetime of the ‘D, level of the Pr®* ion,
which was measured to be 194 usec. For a population
grating the signal intensity is proportional to the square
of the modulation of the index of refraction,? An:

]s = jn]z. (3)

An will decay with the decay of the excited-state popu-
lation, leading to a time dependence of the signal inten-
sity of

Is(t) = Iu exp(—2t/-rf), (4)

where 1/ is the fluorescence lifetime. Thus the grating
decays with a lifetime of half of the fluorescence lifetime
However, in these samples there is an interference effect
between the permanent and transient LIG's that leads to
a signal intensity given by '?

Is = |Ang|® exp — (2t/r) + 2|an+||Ang| exp — (¢/r)
+ |Angl?, (5)

where Anr and Anp are the changes in the index of refrac-
tion due to the transient and permanent gratings, respec-
tively, and 1/r is the fluorescence decay rate. The first
term is much smaller than the last two and can be ne-
glected. Thus the lifetime of the transient grating will be
equal to the fluorescence lifetime of the excited state re-
sponsible for the population grating. Therefore the tran-
sient grating is associated with an excited-state population
grating that is due to the difference in susceptibility of the
ions in the *H, ground state and the 'D; metastable state.

Figure 2 displays the normalized intensities of the per-
manent and transient LIG signals as a function of the total
write-beam crossing angle, 20. It is seen that both the
transient and permanent signais have the strongest inten-
sity at the amallest write-beam crossing angle, which cor-
responds to the largest value of grating spacing. As the
write-beam crossing angle is increased, and the grating
spacing decreases, the intensities of both the permanent
and the transient signals decrease. This is typical behav-
ior for FWM signals, witl? the exact form depending on the
coupling mechanism for the beams."

The LIG signal intensity, build-up times, and erase times
were also measured for different values of the total power
of the laser write beams. The absolute value of the scat-
tering efficiency, which is defined as

n = Ps/Pp, (6)

where P; is the power of the signal beam and Pp is the
power of the probe beam, was measured to be 1.33 x 107*.
This is of similar magnitude to values consistently found
in Eu’*-doped samples.

Figure 7 shows the normalized intensity of the perma-
nent and ansient signals as a function of the laser power.
As in the case of the Eu’*-doped samples the transient
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signal intensity varies linearly with laser power through-
out the range of write-beam powers available in these ex-
periments. The permanent signal displays nonlinear
behavior up to approximately 200 mW, where saturation
occurs. Equation (5) predicts the power dependence of
the LIG signal intensity. Since Anr and An, depend on
the difference in population between the ground and ex-
cited states, they wiil vary linearly with laser power. 'The
permanent part of the LIG signal intensity, which is pro-
portional to |Anp|? is predicted to display a quadratic
power dependence. This is demonstrated by the solid
curve in Fig. 3, where the expression ax? was fitted to the
data below 200 mW. Above 200 mW saturation of the LIG
occurs, which'is represented by the solid horizontal line.
Since Anr << Anp, Any can be neglected in the middle
term of Eq. (5), leaving a transient LIG signal intensity
proportional to Anp and displaying a linear type behavior
as observed. The dashed line represents a linear-regres-
sion fit to the transient grating values.

The measurements of the transient and permanent sig-
nal intensities took piace after the permanent signai had
reached its maximum value. Thus the variation of the
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transient grating signal intensity is measured in the pres-
ence of a strong permanent grating. The observed satu-
ration in the permanent signal shows that there is a limit
to the structural modification of the glass.

I'he build-up and erase times of the permanent grating
as a function of laser write-beam power are displayed in
Fig. 4. ILis seen that as the laser power is increased both
the erase time and the build-up time decrease. The erase
time decreases linearly as the laser power is increased,
hut the build-up time decreases alimost exponentially with
increasing laser power. The general trend in both cases
of decreasing times with increasing power is consistent
with the model proposed previously and is discussed fur-
ther below.

The final measurement performed on the Pr’* sample
was of the effect of termperature on the formation of the
permanent LIG. The sample was placed in a resistance-
heated furnace and the temperature increased to the de-
sired level. A LIG was then written and the scattering
intensity of the permanent portion measured. This pro-
cedure was repeated as the temperature was increased
from 300 to approximately 600 K. Figure 5 shows the
results of these measurements. These results display a
behavior that is nonexponential. There seems to be an
inflection at approximately 415 K. Fitting the regions
ahove and below 415 K separately with single exponential
equations leads to the sulid lines displayed in Fig. 5. The
activation cnergies measured for the high- and low-
temperature regions are 2.825 x 10" and 928 x 10*cm ™!,
respectively. This behavior is also seen in the Eu®*-doped
glasses and is discussed in more detail below.

B. Fluorescence Characteristics of Pr?*- and

Er?’ -Doped Glasses

To characterize the relaxation process of the Pr®* and
Er'* ions, which is important to the formation or lack of
formation of the LIG, fluorescence spectra were measured.
To form the permanent LIG in the Pr®*-doped glass sam-
ple the Pr** ion is excited from the *H, ground state to the
P, excited state. Figure 6 shows the room-temperature
fluorescence of the Pr*’-doped glass. The fluorescence
spectrum displays peaks at 540, 620, 645, 715, and
735 nm, which correspond to radiative transitions from
the P, state to the *Hs, *Hy, *Fy, °Fs, and 3F, states, respec-
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Fig 4. Build-up tnne and erase time of the permanent LIG as a
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Fig. 6. Room-temperature fluorescence of the Pr**-doped glass
sample after excitation into the *P, excited state.

tively. These levels then relax nonradiatively to the
ground state. There is also a peak at 690 nm, which cor-
responds to the 'D,-H; transition. A transition from 'D,
to *H, should also be present at 605 nm; however, in this
case it is buried in the shoulder of the *Py-*Hj transition.
The nonradiative relaxation occurring in this sample pro-
duces phonons with energies of the order of 1000 cm™! and
will produce the structural modification needed to form
the permanent LIG. The same type of relaxation behav-
ior is observed in Eu®*-doped glasses, which produce per-
manent LIG's.

In the case of a Nd**-doped glass sample (NdP;0,,) the
Nd?* ion is excited from the *I4, ground state to the ‘G,
excited state. Relaxation occurs through the emission of
phonons: however, in the Nd®* ion the energy levels are
much closer than in the Eu®* or Pr®* ions. Thus, when
the Nd** ion relaxes, the phonons emitted are of much
lower energy than those from Eu®* or Pr?*, and as a result
no permanent LIG is formed.

The silicate glass doped with Er®* (70 SiO,, 15 Na,0,
5 7Zn0, 5 BaO, and 5 Er;0; in units of mol. %) is an inter-
esting case. From Fig. 1 it is seen that overali the spacing
between the energy levels is much greater than in Nd**
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but not quite so large as in Eu®* or Pr¥*. Write-beam
wavelengths of 4880 and 5145 A, which correspond to ab-
sorption transitions of the Er®* ion from the *I;g; ground
state to the ‘Fy. and *H,,; excited states, respectively,
were utilized in an attempt to create a permanent LIG in
this sample. Under both excitation conditions no grating
was observed. The explanation for this is found in the
fluorescence spectrum of the Er®* sample obtained with
the 4880-A wavelength as the excitation source and is dis-
played in Fig. 7. A large peak is observed near 540 nm,
which corresponds to a radiative transition from the *S;,
excited state to the *I s, ground state. This shows that
the Er®* ion relaxes nonradiatively from the *Fy. level
down to the *Sy; level by the emission of phonons before
relaxing radiatively to the ground state. These phonons
have small energies, comparable with those in the Nd**
sample, which are insufficient to create the changes nec-
essary to produce a permanent LIG. Notice that there is
a broad peak at 630 nm, which corresponds to a radiative
transition from the *Fy; excited state to the ground state.

For the Er®* ions to relax nonradiatively from the *Sy, .

level to the ‘Fy, level they must cross an energy gap com-
parable with those seen in the Eu®* and Fr®* samples,
suggesting the existence of high-energy phonons. How-
ever, from the size of the fluorescence peak it appears
that only a few of these phonons are available for the for-
mation of the permanent LIG. No transient grating is
observed in the Er®*-doped sample. Since no permanent
grating is present, only the first term in Eq. (5) survives.
If a transient grating occurs it will have an intensity
proportional to |Anr|% In the Eu®*- and Pr®*-doped sam-
ples no gratings associated with this term are observed.
Therefore it is not surprising that no transient grating is
seen in the Er**-doped sample.

These results confirm the previous conclusion that, to
create the type of permanent LIG described here, it is
necessary to have a high concentration of rare-earth ions
that have a relatively large energy gap between excited
electronic energy levels and that this gap should be crossed
by radiationless relaxation.

C. Activation Energies for LIGs in Eu®*-Doped Glasses

Previously a model was developed to describe the effect of
the network modifier ions on the permanent LIG signal
intensity in Eu®’-doped alkali-metal silicate glasses.'!
The compositions of these glasses are listed in Table 1.
One parameter predicted by this model was the activation
energy for grating formation. To verify the predicted
value, the temperature dependence of the scattering inten-
sity was measured and is displayed in Fig. 8. The same
procedure as reported for the Pr®*-doped glass was used
here. For the samples with the heavier modifier ions,
K85, RS5, and CS5, the intensity varies exponentially
with temperature. This leads to the straight lines in
Fig. 8(a) with a single slope on the semilog plot. However,
as the mass of the modifier ion of the sample decreases, to
NS5 and LSS5, the intensity no longer displays single expo-
nential behavior but rather has two regions with differing
slopes. These are displayed, by the solid and dashed lines
in Fig. 8(b). The intersection of the lines occurs at ap-
proximately 455 K for hoth samples.  An identical type of
behavior was observed in a Eu’*-doped phosphate glass,
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Table 1. Composition of Eu®**-Duped
Alkali-Metal Glasses

Network Eu
Modifier Content

Network

Sample Former

LS5 70.0 SiO, 15.0 Li,0)
5.0 a0
5.0 ZnO

15.0 Nu.O
5.0 BaO
5.0 Zn0

15.0 K,0
5.0 BaO
5.0 Zn0

15.0 Rb,0
5.0 BaQ)
5.0 Zn0O

15 0 Cs,0
5.0 BuO
5.0 ZnO

5.0 Eu 0y
NS5 70.0 SiO; 5.0 Fu O,
KS5 70.0 SiO: 50 Huty,
RS5 70.0 Si0; 5.0 Ku 0,

CS5 70.0 SiO. 5.0 Eu.0,

where the temperature at the intersection ol the slopes
was 263 K."

That a structural modification of the host is responsible
for the permanent LIG suggests that there are two pro-
cesses responsible for this modification in the rare-earth-
doped glasses. Remember that this behavior was also seen
in the Pr?* sample. One process dominates at low tem-
perature, and the other at high temperature. In the high-
temperature region the temperature dependence of the
intensity is controlled by the network-modifier ion of the
host. This is displayed in Fig. 8 by the variation of
the slopes in this region. In the low-temperature region
the temperature dependence of the intensity must be con-
trolled by a common element among the different rare-
earth-doped samples, such as other network-former or
network-modifier ions, in order to produce roughly the
same activation energy for each sample. It would also ap-
pear that the temperature at which crossever occurs de-
pends on the host glass.

Table 2 lists the measured activation energies, where
AE, and AEy refer to these low- and high-temperature
regiana  Since the two-level system madel was concerned
only with the effect of the alkali-metal network modifier
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ion, only the high-temperature region will be discussed.
More investigations need to be undertaken to determine
the source of the low-temperature activation energy.

3. DISCUSSION AND CONCLUSIONS

‘The results obtained on the Pr?*-doped silicate glass are
consistent with the double-minima potential well model
proposed previously.'*!' In this model the possibility of
two different structures of the glass host in the local envi-
ronment of the rare-earth ion leads to double-minima po-
tential wells for the rare-earth-ion electronic energy levels.
It is assumed that the index of refraction is different for
each well and that the total index of refraction of the ma-
terial is n = n,N, + n,N,, where n, and n; are the in-
dices of refraction of the different wells and N, and N, are
the populations of these wells. The ions move from well I
to well 11 when they receive énergy from the nonradiative
relaxation of the rare-earth ion.

In Subsection 2. measurements of the activation en-
ergy for grating formation, AE, were presented for Eu®*.

Table 2. Activation Energies of Eu®*-Doped
Alkali-Metal Glasses

Behrens et al.

doped alkali-metal glasses. These values can be compared
with those predicted from the two-level system model pro-
posed previously. In the two-level system model the LIG
signal intensity is given by "

I = |Nyp(®) Anyoif?, 7

where Ny p(®) is the population of well I in the peak of the
grating at long times and Any;. is the difference in index
of refraction between wells I and II. Njp(=) can be ex-
pressed as

Nup() = Nip() (vi/vn) exp(d./kT), (8)

where N;p(®) is the population of well I at long times, v
and vy are the attack frequencies of wells I and 11, respec-
tively, A, is the asymmetry of the two-level system, % is
Boltzmann's constant, and T is the temperature. This
gives the temperature-dependent LIG signal intensity as

I = Ny%(e) An'y-i(n/vn)? exp(24 . /kT). (9)

For the measurements here the prefactors are' An?,_( =
2.8 x 107" and (v /vy)? = 1.77. N?(w) depends on the
host and varies from 0 to 2.04 x 10'°. The values for the
parameters of Eq. (9) were obtained previously by fitting
the equation describing the effective scattering efficiency,

Neit = ]Anu_;|2(1 + ("ll/Vl) exp{[—h(k/m)”z(kg’l‘ tan 9)4]
x exp[—d(2mVa/hH)IH72,  (10)

to the experimental values of the effective scattering effi-
ciency as a function of the network modifier ion mass.
|Any_y), va/vi, hkY3/kg T tan 6, and d(2V,/h?) were treated
as adjustable parameters. A, is related to the adjustable
parameters through the equation

A, = (hk'?/tan 8 m"?) exp[-d(2mVo/AHY). (11

However, the main concern is with the exponential term
in Eq. (9). In order to relate this term to the experimen-
tal data we compared it with an Arrhenius-type behavior,
I = I, exp(AE/RT). From this it is seen that the mea-
sured value of the activation energy AE is equal to twice
the asymmetry of the two-level system model 4,.

The values obtained for A, for all the samples along with
the measured activation energies found in Subsection 2.C
are presented in Table 3. It is seen that the agreement
among the values is quite good considering the simplicity
of the model; all values are within an order of magni-
tude of one another. It should also be pointed out that the
equation derived for the permanent LIG signal intensity is
applicable to any rare-earth ion and depends only on the

Table 3. Activation Energies and Asymmetries
of Eu®*-Doped Alkali-Metal Glasses

AEy, AE, AEy, 24,

Sample (x10%7em™ (x10% cm™) Sample (x10* em™) (x10°em™)
.85 3.87 8.16 LS6 3.87 12.14
NS5 3.02 7.93 NS5 3.02 3.43
KSs 0.89 0.89 KSs 089 1.68
RS5 0.62 0.62 RS5 0.62 045
(.85 047 ! 0.47 CS5 0.47 018
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glass host. Therefore the activation energy from the
Pr®*-doped silicate glass should be the same as that in
the NS5 sample. This activation energy for the Pr3* sam-
ple was found to be 2.825 x 10° cm™, compared with
3.428 x 103 cm™' for the NS5 sample, in excellent agree-
ment with the two-level system model.

It is found that in the Pr®*-doped glass the LIG build-up
and erase times are faster than those found previously for
Eu’*-doped glasses. To compare the ability to form LIG's
in the Pr®*- and Eu’*-doped glasses, a quantum efficiency
for grating formation is defined as the fractional amount
of refractive-index change created per phonon emitted. A
theoretical expression for this is derived below.

The wavelengths used to write the LIG’s are different in
each sample. In the Pr*'-doped sample an excitation
wavelength of 488.0 nm was used, which had a power den-
sity of 62.5 W/cm? when focused inside the sample. The
Eu®’-doped sample was excited with a wavelength of
465.8 nm and a power density of 20 W/em®.  The absorp-
tion coefficients were 5.4 em™ for the Pr3*-doped sample
and 3.78 ecm™* for the Eu®**-doped sample. The number of
photons absorbed per unit time can then be calculated for
each sample. These are 1.53 x 10'" sec™' for the Eu®*-
doped sample and 1.08 x 10" sec™ for the Pr®‘-doped
sample. These values are far below those needed to pro-
duce a saturation of the absorption of the rare-earth ions
in the interaction region.

To calculate the number of phonons produced for each
rare-earth ion that is excited, several assumptions need to
be made. First, it has been reported that in these types
of silicate glass the highest-energy phonons available have
energies of approximately 1000 cm™'."* Thus the as-
sumption is made that the nonradiative energy emitted
when the rare-earth ion relaxes will be in the form of
1000 cm™* phonons. The second assumption concerns the
relaxation channel followed by the rare-earth ion. In the
case of the Eu®* ion, measurements have shown that no
radiative relaxation occurs from the *D, or ®D, levels."
Thus the Eu®* ion, which is excited into the °D, level, is
assumed to relax nonradiatively to the ®D, metastable
state. From this level the Eu'* ion relaxes radiatively to
the 'F, level. The final step occurs nonradiatively with
the relaxation from the 'F| state to the ’F, ground state.
The nonradiative relaxation mentioned in the above pro-
cess generates approximately 4000 cm™' of energy, which
is emitted in the form of four high-energy phonons.

For the Pr** ion, which is excited into the *P, state, fluo-
rescence measurements show that the majority of the fluo-
rescence occurs from the *P,—°F, transition. Relaxation
then occurs by nonradiative relaxation from the °F, state
to the *H, ground state. Thus it is assumed that on aver-
age every ion produces an amount of nonradiative energy
equivalent to the energy gap between these two states.
The energy of this gap is approximately 5000 cm™, so
that five high-energy phonons are produced for each
Pr?* ion excited.

Using the above assumptions, we found that there are
6.12 x 10" phonons/sec produced in the Eu**-doped sam-
ple and 540 x 10" phonons/sec produced in the Pr®'-
doped sample at these power levels.

The scattering efficiency for the two samples i3 2 53 x
1073 and 1.33 x 107* for the Eu’'-doped sample and the
Pri*-doped sample, respectively. ‘I he build-up time for
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the Eu®*-doped sample is 900 sec and for the Pr®'-doped
sample 60 sec. This gives a change in scattering effi-
ciency per unit time of 2.81 x 10°% sec™ for the Eu’'-
doped sample and 2.22 x 107® sec™' for the Pr*’-doped
sample. Defining a quantum efficiency for grating for-
mation as the change is scattering efficiency per phonon,

nqe = An/b, (12)

where An is the change is scattering efficiency per unit
time and ¢ is the number of phonons emitted per unit
time, we find that nqe for the Eu*-doped sample is
4.59 x 107% and for the Pr®*.doped sample 4.10 x 107%.
Thus in the Pr?*-doped sample the change in LIG scatter-
ing efficiency per phonon is 10 times stronger than in the
Eu’*-doped sample.

This difference in ability to form the LIG was unex-
pected in terms of the two-level system model. One
parameter that affects grating formation is the asymme-
try, given in Eq. (11), which is a measure of the difference
in energy between the two wells. The asymmetry was
predicted to be the same for the two samples, and mea-
surements confirmed this prediction. Therefure the dif-
ference in grating-forming ability does not seem to be
attributable to the asymmetry. Another parameter in-
volved in grating formation is the barrier height hetween
the two wells. The barrier height, V, in Eq. (11), is part of
an adjustable parameter, which also contains d, the con-
figuration coordinate distance. However, it seems that
both of these parameters, like the asymmetry, should be
related to the glass host and not to the rare-earth ion.
The final possibility is that the orvigin of the refractive-
index change in the two potential wells is associated with
differences in the polarizabilities of the rare-earth ions in
different local environments. In this case the Pr’* and
Eu®* ions would need to experience different changes in
polarizabilities when they move hetween the two wells.
This would create a difference in grating-forming ability.
The variation of the polarizability of Nd?* ions from host
to host was recently investigated by four-wave mix-
ing.** The observed change in pularizability that is due
to optical pumping is significantly greater than the well-
to-well change observed here. Thus it appears that this
difference in polarizability might be the origin of the
vefractive-index difference of the two potential wells
observed in these experiments. This possibility will be
investigated in future experiments.

In conclusion, we have presented results on the forma-
tion of laser-induced holographic gratings in Pr'- and
Eu’'-doped glasses. Characteristics of the LIG in Pr”'-
doped silicate glass were discussed and found to be similar
to those seen in Eu*'-doped glasses. Explanations huve
been presented for the lack of grating formation in Er''-
and Nd*'-doped glasses based on the absence of high-
energy phonons. Comparisons between experimental
values of the activation energy for grating formation and
those predicted by the two-level system model were con-
ducted, and it was found that the two-level system mnadel
is quite accurate in predicting these values.

ACKNOWLEDGMENT

This research was supported by the U.S. Army Rescurch
Office.




1444

AOpt. Soc Am. BVl 7, No. 8/August 1990

REFERENCES

k. G Behrens, 12 M. Durville, and R, C. Powell, Opt. Lett. 11,
653 (1986).

F A Durville ® G Behrens, and R, C. Powell, Phys. Rev. B
34, 4213 (1986)

I’ Gunter, Phys. Rep. 93, 199 (1982).

A. Winnacker, R. M. Shelby, and R. M. Macfarlane, Opt. Lett.
10, 350 (1985},

R. M. Macfarlane and R. M. Shelby, in Coherence and Energy
Transfer tn Glasses, P. A. Fluery and G. Golding, eds.
(Plenmin, New York, 1984).

.. (i DeShazer, Solidlite, Suite 224, 16150 NE 85th Street,
Redmond, Washington 98052-3529 (personal communication).

11.
12,
13.

Behrenset al.

. C. L. Sauer, PhD dissertation (University of Southern Cali-

fornia, Los Angeles, Calif., 1980).

. C. Layne, W. H. Lowdermilk, and M. J. Weber, Phys. Rev. B

16, 10 (1977).

. H. Kogelnik, Bell Syst. Tech. J. 48, 2909 (1969)
. J. Feinberg, in Optical Phase Conjugation, R. A. Fisher, ed.

(Academic, New York, 1983), p. 417.

E. G. Behrens, F. M. Durville, R. C. Powell, and D. H. Black-
burn, Phys. Rev. B. 39, 6076 (1989).

F. M. Durville, E. G. Behrens, and R. C. Powell, Phys. Rev. B
35, 4109 (1987).

R. C. Powell, S. A. Payne, L. L. Chase, and G. D. Wilke,
“Four-wave mixing of Nd®*.doped crystals and glasses,”
Phys. Rev. B (to be published).




IV.

a reprint from Applied Optics

Optical applications of laser-induced gratings in Eu doped

glasses

Edward G. Behrens, Richard C. Powell, and Douglas H. Blackburn

Laser-induced changes in the refractive index are used to create superimposed transient population gratings
and permanent structural gratings in Eu't doped silicate and phosphate glasses. Potential uses for these
laser-induced gratings (LIGs) are investigated. First, the structural gratings are shown to he permanent al
room temperature and their use as a holographic storage medium is discussed. Second, a permanent L1G of
this type is used to demultiplex multifrequency laser beams, demonstrating its use as a tunable line {ilter.
Third, the transient LIG is used to modulate the amplitude of a laser beam which is passed through the sample
and scatters off the permanent LIG. This results in information being transterred from one heam ta unother
beam. It was found that thermal lensing plays an important role in the formation of this type of permanent
LIG and a procedure for determining the tilt angle of the fringes of the LIG is discussed.

. Introduction

In the past decade there has been a dramatic in-
crease in interest in optical devices resulting from the
emerging applications of optical technology. These
devices rely on the interaction of light with matter and
some of them are created by optical interference meth-
ods. Examples of the this type include photooptical
switches,! narrowband waveguide reflection filters,>
and opto-optical deflectors.! We have studied the
interaction of laser light with Eu®* doped glasses and
reported the formation of superimposed permanent
and transient laser-induced refractive index gratings
(LIGs)."-7 We suggest several uses for these types of
grating in glasses.

In Sec. II the experimental configuration used to
write the LIGs is discissed. The formation of the
LIGsis the same regardless of the planned application.
Section III discusses three of the possible applications
of LIGs in these glasses. The characteristics of these
LIGs relevant to their use for holographic information
storage, frequency selective filtering, and beam-to-
beam information transfer through amplitude modu-
lation are described.

Douglas Blackburn is with U.S. Institute National Institute of
Standards & Technology, Gaithershurg, Maryland 20809; the other
authors are with Oklahoma State Universily, Physics Departiment,
Stiltwater, Oklahoma 74078-0444.

Received 20 June 1989,

l. Experimental Configuration

The experimental configuration used to form the
LIGs has been reported previously.® The output ot a
cw Ar-ion laser tuned to 4658 A is split into two write
beams and crossed inside the sample at an angle 20..
In the region in which the beams overlap a sinusaidal
interference pattern of the light intensity is created.
This produces a modulation of the optical properties of
the sample which will have the same sinusoidal pattern
as that of the light intensity. This region is then
probed with a third beam which sees the variation in
the optical properties as a refractive index grating. A
mirror mounted on a translational base which can
move parallel to the sample is placed between the
probe laser and the sample. This facilitates proper
alignment of the probe beam and allows the angle
between the probe beam and the perpendicular to the
sample to be monitored. The prche beam, with a
wavelength in the sample X, is reflected off this mirror
and onto the sample at an angle b, from the perpendic-
ular to the sample. When this probe beam is properly
aligned, a fourth beam, the signal beam, will be dif-
fracted from the LIG. This signal beam carries infor-
mation regarding the LIG and is monitored with a
photomultiplier tube and recorded on a strip-chart
recorder.

The samples used in these experiments are ordinary
phosphate and silicate glasses which have been doped
with Eu’* ions. In the information storage and de-
multiplexing experiments a phosphate glass with com-
position 10 Eu(P0O,), and 90 La(P’O,); was used. In
the signal modulation experiment the sample was o
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silicate glass with composition 70 Si0., 15 Li,0O, 5 ZnO,
5 Ba0), and 5 En.Q,.  All compositions are in mol %.
For convenience these samples will be referred to as
EP and LS, respectively. Both samples display the
same 1163 chararteristics so either onc conld have
been used for any of the experiments. The laser wave-
length used for writing the gratings is in resonance
with the "F,—"D). absorption transition of the Eu'*
ions.

lll. Resuits

A. Holographic Information Storage

‘T'he time evolution of a L1G is reflected in the inten-
sity of the signal beam and for the type of gratings of
interest here this time dependence is displayed in Fig.
1. When the write beams are turned off the grating
decays with a rate equal to the decay rate of the Dy
excited state of the Eu'* ion.3" However, the signal
does not return to zero but rather to approximately
60% of its original value due to the formation of a
permanent grating. The permanent grating can then
he erased thermally by heating the sample to tempera-
tures above room temperature or it can be erased opti-
cally by illuminating the grating with a single beam
tuned in resonance with the "Fy—"D. absorption tran-
sition ol the ' ion. Nograting formation or erasure
orenrs if the heams are not in resonance with the "Fo—
“D., absorption transition.

A model was proposed to explain these gratings in
which the network former and network modifier ions
of the glass host can arrange themselves into two dif-
ferent configurations in the local environment of the
Eu' ion.® This leads to a double-minima potential
well for the Eu't electronic energy levels. It is as-
sumed that the material possesses a different index of
refraction depending on which configuration is
present. When the Eu** ion relaxes nonradiatively
from the "D. level to the 5D, level several high energy
phonons are created. The local heating produced by
the vibrational modes can produce a change in the
structure of the local environment of the Eu** ion by
causing the ions to move from one equilibrium configu-
ration to the other.

T'he results demonstrate that permanent holograph-
ic images can be written in rare earth doped phosphate
and silicate glasses using this technique. Since the
mechanism responsiblé for the formation of the per-
manent LIG involves structural changes which are
stable at room temperature, these images have an infi-
nite fading time. These holograms have many appli-
cations in areas such as optical information processing
and medical imaging where long-time information
storage is important. Even though the response time
of the material is too slow for real time processing the
room temperature stability makes it important for
read only applications. Thisis a significant advantage
over many photorefractive crystals which are currently
being used in these applications.

To contrast the advantages and disadvantages of
thiese rare earth doped glasses over photorefractive
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Fig. 1. Time evolution of LIG signal intensity in the EP glass
sample.

crystals consider the required properties of photore-
fractive crystals for holographic applications as pro-
posed by Gunter and Huignard.? The properties are:

1. sensitivity,

2. dynamic range,

3. recording and erasure time,

4. laser wavelength for inducing refractive index
change,

5. resolution, and

6. room temperature operation.

There are two figures of merit used to determine the
photorefractive sensitivity. In the first case the pho-
torefractive sensitivity is given by

dn,
Sar = (H
which is defined as the change in refractive index per
absorbed energy and volume. Values between roughly
5 X 107 J/em? and 20 X 10% J/cm?* have been found for
S:! in photorefractive crystals. Although the refrac-
tive index change in rare earth doped glasses using low
power laser beams is of the order of 10~%to 10~%, which
is roughly the same as in LiNbOj, the long time nceded
to produce this change drastically reduces the sensitiv-
ity. Rough calculations give S| for rare earth doped
glasses to be 9600 X 10% J/cm?, which is 3 orders of
magnitude larger than in photorefractive crystals.
However, the second definition, which is more practi-
cal in characterizing the holographic recording poten-
tial, defines the photorefractive sensitivity as’
_da'? 1

. (2
! dw d !

S
where nis the diffraction efficiency and d is the sample
thickness. This equation states that the sensitivity is
the change in diffraction efficiency per unit absorbed
energy and volume. Since diffraction efficiencies as
high as 25% have been observed in these glasses'” a
value of 19.2 mJ/cm? is calculated for S7! as compared
to values which range from 2.5-1000 mJ/cm? for pho-
torefractive crystals. Inthis case the rare earth doped
glasees compare favorahly to photarefractive crystals.




As mentioned in the above paragraph the maximum
change in the refractive index in the rare earth doped
glasses has been measured to range from 1073 to 1075,
This is identical to the results reported for LINbDOy and
is in the range of values reported for numerous other
photorefractive crystals.”

Perhaps the main differences between photorefrac-
tive crystals and rare earth doped glasses occur in the
recording and erasure time of the grating. In photore-
fractive crystals, the refractive index changes are due
toelectroopticeffects driven by space charge fieldsand
the time torecord a grating depends in thic efficiency of
the charge generation and transport process. Howev-
er, in the rare earth doped glass the refractive index
changeis due toarearrangement of the structure in the
local environment of the rare earth ion. This requires
a large amount of vibrational energy and a long time is
needed for the grating buildup. Thus, the time re-
quired to produce the refractive index change men-
tioned above is several orders of magnitude larger in
rare earth doped glasses than in photorefractive crys-
tals. The same time scales are also observed for grat-
ing erasure.

In most cases the laser wavelengths required to pro-
duce the refractive index changes range from the near
UV to the near infrared for photorefractive crystals.
For the rare earth doped glasses investigated up to this
time, the required laser wavelengths are in the visible
region of the spectrum and have been accessible using
a common Ar-ion laser. A unique wavelength is re-
quired for the rare earth doped glasses, whereas a
range of wavelengths can generally be used for photor-
efractive crystals.

Finally, the most important difference between
these materials occurs in their room temperature oper-
ation. Photorefractive crystals possess a volatile
memory at room temperature and must undergo fixing
methods to avoid dark erasure at room temperature.
On the other hand, the memory in rare earth doped
glasses is permanent at room temperature because of
the structural phase change responsible for the refrac-
tive index change. Also, as long as the probe beam is
not in resonance with a rare earth absorption transi-
tion no erasure will occur during read out of holograms.

From the above comparisons it can be seen that the
rare earth doped glasses have certain advantages over
photorefractive crystals in applications that require
long time storage, rodm temperature operation, and
multiple readings of holographic gratings. For appli-
cations that require a relatively fast response time, the
photorefractive crystals possess the advantage. As
will be mentioned below, the response time of rare
earth doped glasses depends on the decay kinetics of
the rare earth ion. Finding a rare earth ion that dis-
plays faster decay parameters will increase the re-
sponse time and may become comparable to those in
photorefractive crystals.

B. Demuiltiplexing Resuits

To investigate the demultiplexing properties of the
LLIG in these types of glasses a permanent grating was

ne1.5

Fig. 2. Definition of purameters in the gratiug tormation process:

A is the write beam wavelength in the sample; 20 | is the wrile beam

crossing angle in ai* n is thie tudex of refraction of the 1.3 sample; 20

is the write beam crossing angle inside the sample; und A, is the
laser-induced graling wavelength.

- |PROBE

Fig. 3. Definition of parameters in the probe partion of the experi-
ment. Apisthe probe beam wavelength in the sumiple, b and b are
the angles between the probe beam and the perpendicular 1o 1he

sample in air and in the sumple, respectively.

writtenin the EP glasssample. The angle hetween the
write beams, 20, was measured to be 2.22° in air or,
with an index of refraction of 1.5 for the glass, 1.48°
inside the sample, which is defined as 205. The grating
spacing, which is the distance between the fringes of
the LIG, is designated as A.;. The definition of these
parameters is displayed in Fig. 2.

The LIG was probed with both a He-Ne laser and
several different lines of an Ar-ion laser. Thestrength
of the probe beam was kept under 15 mW and out of
resonance with the "Fy—5D,; Eudt absorption transi-
tion to insure no erasure of the LIG. The geometry of
the probe portion of the experiment is presented in
Fig.3. Thealignment of the probe beam for maximum
scattering efficiency is determined by the probe heam
wavelength and the wavelength of the LIG.

To determine the spatial displacement of the probe
beam, its intensity was measured as a function of its
angle of incidence ®4. This measurement was per-
formed with probe beam wavelengths in air of 632.8,
514.5, 501.7, 496.5, 488.0, and 476.5 nm. Figure 4
displays the results where ¢ 4 has been converted to @y
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Fig 1 Intensity of laser-induced grating signal as a function of the

angle hetween the probe heam and the perpendicular to the sample.
The svimbols correspond to: 8, 632.8 nm; @, 488.0 nm.

and, for clarity only, the results from probe beam
wavelengthia of 632.8 and 514.5 nm are displayed. It
should be pointed out that the same type of behavior
was ohserved for all probe beam wavelengths with a
shift in the angle for maximum scattering. It is seen
that as by is varied, the signal intensity increases from
zero to a maximum then decreases back to zero as
would be expecled for Bragg scattering.

Figure 5 displays the probe beam wavelength in the
sample, A, vs the angle Py at which maximum signal
intensity occurs. As the probe beam wavelength de-
creases, the angle at which maximum signal intensity
occurs also decreases. This is described by the Bragg
scatlering equation'

ni, = 24 sind,, (3)

where A, is Lhe probe beam wavelength, A¢ is the
wavelength of the LIG grating, and &, is the Bragg
angle. For the experiments performed here, the val-
ues of b plotted in Fig. 5 may not represent the Bragg
angle &,. If the fringes of the LIG are not perpendicu-
lar to the sample surface, ®s will not be equal to ®. If
the fringes of the LIG make an angle ¢’ to the perpen-
dicular to the sample surface, the Bragg angle will be
by = Ps— P asis displa¥ed in Fig. 6.

To correct for this the Bragg angle ¢, must be re-
placed with & — &, It is unlikely that 4’ will be
known accurately, thus consider the case of two probe
heams \,; and A,; which have two separate Bragg
angles &, and %y, Since only $g is changing, 4’ will
remain the same for both beams so that

Ay = 24, sintbg, — ) (4)
A = 24, stn(bg, — 7). (5)

FFor small angles sin(dbq — ') = (bs — ). Taking the
difference between these two equations gives

AA, = 24,4b,. (6)

Thus, the grating spacing is given by
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Fig. 6. Definition of Bragg angle and other .. -les involved in the
grating spacing calculation.

Ap= & n
'T 2Adb,

The solid line in Fig. 5 represents the best fit to the
data and the slope of the line gives

_ Aby 8
abve 8)

so that the wavelength of the permanent grating is
Ap = - 9)

2m

The slope of the solid line in Fig. 5 was found to be
0.0214 um corresponding to a grating spacing of 23.364
um. To check this value the grating spacing of the
sinusoidal light interference pattern was calculated.
This is also given by Bragg’s law and will exhibit a
wavelength of

A= (10)

where A\ is the write beam wavelength. For a write
beam wavelength of 0.3105 um and crossing angle of
0.0258 radians the waveleng.h of the sinusoidal inter-
ference pattern should be '2.022 um. It is seen that
the LIG apparently displays a wavelength approxi-
mately twice that of the sinusoidal laser interference
pattern.




It has been shown that the Eu'*-doped phosphate
glasses exhibit thermal lensing."! When illuminated
witiy a single beam tuned in resonance with the "Fy—
3D, Eu®* absorption transition, a permanent change is
produced in the refractive index of these glasses. The
change in thc refractive index is proportional to the
change in the temperature of the glass. This tempera-
ture profile can be approximated by a parabola, pro-
ducing an effective thin lens with a positive focal
length. Inthe crossed beam configuration, each beam
will produce its own thermal lens. This will resultin a
new crossing angle 20 as shown in Fig. 7 and produce a
change in the wavelength of the laser interference pat-
tern.

We can predict the change in the crossing angle of
the write beams by considering the thermal lens to act
as an effective positive focal length lens nlaced in the
path of each beam. The focal length can be calculated
by using a method similar to that used in Durville’s
experiments.

In the long time limit the focal length of the effective
lens is given by!!

(11)

where & = thermal conductivity
w = beam waist
P = beam power
A = absorbance of sample, and

on _ change in (efractive index per change in
dT temperature.

Here k, A and (6n)/(3T) are properties of the sample
and will be the same in both experiments. This leads
to a focal length of

4
_ foPuwi;

fu= : (12}

)
Pavj,

where the [’ subscripts refer to the values quoted in'!
and the B subscripts refer to the values in this experi-
ment. With wy = 0.5 mm and Py = 0.07 W, a focal
length of 38.563 mm is found. From this, the change in
0y can be calculated and a new value for the wave-
length of the laser interference pattern of 24.109 um is
calculated. This is in good agreement with the wave-
length of the LIG found from Eq. (7).

It is also possible to calculate the tilt angle ' shown
in Fig. 6. From

Ap = DA, sin(bg = ) (1)

and with the small angle approximation, the tilt angle
will be given by

, A
D= by, — l\, . (14)
For this experiment a tilt angle of 5.860 X 10~ rad is
found. Notice that if &y is measured from a reference
other than the perpendicular to the sample, this will
give the angle between the fringes and the reference.

Aw
Fig. 7. Detinition of angles involved in thermal lensing process:
20 is the write heam crossing angle in the sample without thermal
lensing; 20y is writed beam angle with thermal lensing.

The demultiplexing of the various frequencies of
laser beams by the LIG demonstrates the ahilily of
using these holographic gratings as frequency selective
notch filters. The filter can be tuned to different
frequencies by rotating the sample to different angles.
By stacking different holographic gratings in the same
material, several laser beams of different frequencies
can be filtered simultaneously at the same angle of
incidence. The limiting factor to the resolution of
such a device is the fringe spacing of the 1.IG and
gratings can be formed with spacings more than an
order of mangitude smaller than that of the grating
used in these experiments.

C. Signal Modulation

The final experiment performed was to demonstrate
amplitude modulation of the LIG signal. After writ-
ing the LIG as described in Sec. I, the write heams
were turned on and off randomly. The result was an
amplitude modulation of the signal beam as shown in
Fig. 8. The top portion of the tigure displays the time
dependence of the write beams. The time scale of the
experiment was approximately two minutes. ‘The
middle section depicts the intensity of the probe beam.
As can be seen, the probe beam is stable al a constant
amplitude before interacting with the LIG. The bot-
tom section of Fig. 8 displays the time dependence ot
the intensity of the signal beam, which is an amplitude
modulation of a constant beam.

The time dependence of the intensity has been dis-
cussed previously and is given by

Iy =1+ 14, IEY

where [, and /. represent the transient and permanent
contributions to the intensily. Thus, when the write
beams are ona totalsignal intensity of / = [, + [, will he
measured; however, when the write beams are turned
off the transient signal will decay leaving a total inten-
sity of [ = .. The decay will be exponential with the
decay time of the transient grating.

10 April 1990 / Vol 29, No. 11 / APPLIED OPTICS 1623




10 T T T

o

2

g 10 — T T ~r
a

-

"5 B
>

o

c I 1 L
s O

<

— |0 T

UL T

0 1 1 1
0 1 2 3 4

Time larb. units|

From Lop o lottom:  write, probe, and signal heam intensi-
ties i the madulation experiment.

I'ip K

I'he rate at which the signal amplitude can be modu-
lated is limited by the decay time of the transient
component of the signal intensity. ‘The decay time of
the transienl component has been associated with a
population grating of the Bu*! jons in the "), metasta-
ble atate.! ‘This limits the amplitude modulation by a
decay lime of 2.7 ms in this sample.'?

I'hese results establish that the superimposition of
transient and permanent [.IGs generated by the mech-
anism described here can be utilized to allow one light
beam to modulate the intensity of another light beam.
T'his provides a means of transferring information
from one beam to the other. The speed at which
information can be transferred will depend on the
modulation rate, which is limited by the lifetime of the
metastable state of the rare earth ion and can vary
heltween a kilohertz and a megahertz for different rare
earth Lrangitions.

V. Conclusions

T'hree potential uses of [LIGs have been demonstrat-
ed in Fut'' doped glasses which have the ability to
produce superimposed permanent and transient grat-
ings. ‘These include holographicstorage, demultiplex-
ing multifrequency laser beams, and beam-to-beam
information transfer. The i},le can be wrillen at
room temperature with low laser power, have exhibit-
ed scattering effliciencies as high as 25%, and remain
stable at room temperature indefinitely.

I'hese same type of 1,1Gig have been formed ina Prtt
doped silicate glass with composition 70 Si04, 15 Na.O,
5700, 5 Ba0), and 5 Pr04 mol %' The transient
component ol the signal in this glass is associated with

1624 APPLIED OPTICS / Vol 29.No 11 / 10 April 1990

the relaxalion of the 'D, metastable state which has a
lifetime of the order of microseconds. This will pro-
duce an increase of 3 orders of magnitude in the re-
sponse time of the transient grating compared with the
Eu'* doped glasses. This will allow for a faster ampli-
tude modulation rate of light beams passing through
thesample. However, the response time of the perma-
nent holographic grating isstill very slow in Pr’* doped
glasses.

The above results are important when considering
these glasses for potential optical devices. The type of
glasses used in this work include common silicate
glasses which can be made into fibers, and thus these
LIG devices can be used in fiber optic systems. A
better knowledge of the microscopic structural change
associated with the permanent LIG in these glasses
will allow for optimization of these materials for specif-
ic use.

This research was supported by the U.S. Army Re-
search Office.
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Four-wave-mixing techniques were used to produce permanent laser-induced refractive index
gratings in Eu' ' ~doped silicate glasses. These gratings are associated with a thermally induced

change i the local glass structure at the site of the Eu

‘ 1

ions, leading 1o a double-minimum

potential well tor the electronic energy levels of the Eu' ' ions, The effects on the
characteristics of the permanent laser-induced gratings produced by changing the divalent
modifier ions of the glass host are reported and a theoretical model is presented 1o expln the
physical origin of the change in the refractive index of the material.

1. INTRODUCTION

The observation of permanent laser-induced gratings in
Eu'' -doped glasses using four-wave-mixing (FWM) tech-
nigues was reported previously.' These gratings were pro-
duced by resonant excitation of the Eu' ' ions into the *D,
level. A model was proposed'~ to explain the formation of
these gratings based on a thermally induced change in the
local glass structure at the site of the Eu' ' ions. This results
in the description of each electronic level of the Eu' ' ions in
terms of a double-urinimum potential well. The model as-
sumes that the index of refraction of the material changes,
depending on which potential well is occupied by the Eu'!
ons.

Laser-mduced refractive index gratings in Eu' ' -doped
glasses are maportant when considering such glasses for opti-
cal devices. Several potential uses of these types of gratings
have been demoastrated ' including holographic storage, de-
multiptexing multifrequency laser beams, and beam-to-
beam information transfer. In addition, silicate glasses can
be made into fibers and thus devices based on laser-induced
gratings in Eu' ' -doped silicate glasses can be used in fiber
OPIICS sysiems.

In the work reported here we extend the previous inves-
tigations’ * by describing the variation of the FWM signal
mtensity of a series of Eu' ' -doped silicate glasses with dif-
ferent divalentatkahne network moditier ions. The temperu-
ture dependence of the signat from one of the samples was
measured and a theorenical explination tor the change in the
refractive tndex assoctated with the double-nunumum poten-
tral well model is developed.

Il. EXPERIMENTAL RESULTS

The effect of ditferent divalent network moditier ions on
the charactenstics of permanent Jaser-induced gratings was
studied i five Eu' ' -doped silicate glasses with identical
compositions except ior one modidicn i which was changed
through asertes of divalent alkaline elements: My, Ca, Zn,
Styand Ba. Fhie compasittons of these glasses are histed in
Table
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Permanent laser-induced gratings were written in cach
sample at room temperature using crassed weite beams Irom
a cow.argon-ion laser tunied o the 465.8 no hne i order o
resonantly excite the *D, level ol the £’
write beams, each having a power of 30 mW, were focused 1o
beam waists of 400 gm and superimposed inside the sample
at a crossing angle of about 3°. The scattering clliciency of
these gratings was measured using a He-Ne laser at 632.8 nmn
as tite probe beam, which was focused to a waist of 200 yun
and had a power of 5 mW. The experimental setup was the
same as reported previously.” The writing time of the grat-
ing was about 15 min.

It was found that the scattering cfficiency ol the laser-
induced gratings decreased as the mass of the modifier 1on
increased. Figure | displays a plotol the experimental values
of the seattering efficiency versas the reduced mass ol the

ions. The two

maodilier and the rare carth ion, The solid line represents the
thearetical fit 1o the experimental data as explatned m Sec
111

The temperature dependence of the laser-induced signal
intensity in the Mg glass sample was measured at tempera-
tures below and above room temiperature. For low tempera-
ture measurements the sumple was mounted in o cryostat
and the temperature was controlled using a CTI-Cryogenics
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closed eycle helium refrigerator and a Lake Shore Cryotron-
ics nodel 8OS temperature controller. FFor high temperature
measurcments the sample was mounted in a resistance heat-
cd furnace with a Cromeb-Alumel thermocouple. The laser-
induced signal intensity is plotted versus temperature in Fig.
20 As can he seen [rom the graph, the signal intensily in-
creases as the temperature decreases. There is o change in
slape between high and Tow temperature regions. The solid
fines in 19, 2 correspond (o an exponential variation of the
signal intensity given by”

P 0, explazZk, 1y, n
where A is an activation energy. The experimental values
obtained for & are .72 10 em ! for the high temperature

region and abouat 0.25 <10 cm ! for the low temperature
region.

1. INTERPRETATION OF RESULTS

1 he model proposed previously to explain laser-induced
pernnnent gratings 1s based on thermally induced changes
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in the local glass steucture at the site of the Eu' ' jons.” This
miodel assumes that the network forming and modifier ions
can arrange themselves in two possibie configurations lead-
ing to diferent local environments surrounding the Eu* !
ions. Each structural arrangement has a different refractive
index. This results in double-minima potential wells for the
electronic energy levels of the Eu'’ ions. Tt is also assumed
that the heat generated through radiationless decay of the
excited Eu'' ions is responsible for the laser-induced
change in the local structure of the glass host.! This can be
pictured as the Eu' ' jons moving from one potential well
minimum to the other.

Using the double-minimum potential well model to ex-
plain permanent laser-induced gratings in the Eu' ' -doped
glasses investigated here, the effective scattering efficiency of

these gralings is given by?
— fithk /m)'"*

e (|An 2)/(I»l—(\' /\')‘X)‘
! [&ng /vy exy KT tan ©

xexp{ —(I(Zml’,,/ﬁ")'”] ) ) (2)

where Aun,,, is the change in refractive index perion, v, is
the attack frequency (the number of attempts an ion in well
I(11) makes to surmount the potential height of that well),
tan ©@ = A, /4., A, being the coupling energy? and A, the
asymmetry (the dilference in the minima of the two poten-
tinl wells), & is the force constant ol the initial configuration,
m the mass of the ion populating the well, o is the distance
between the minima of well Land well LLand ¥, the potential
barrier between the two wells.” The value used for a1 in Eq.
(2) was the reduced mass of the divalent modifier ion and
rare carth ion for each of the samples investigated. Al-
though, realistically there are many ions maving and thus
contributing to the formation of the two equilibrium config-
urations, we consider in this model that the main source of
the double-minimum potential well is the change in position
of the divalent modifier ion and the rare-earth ion. The
change in position of all other ions is considered to be very
small, so that their contribution to the double-minimum po-
tential well is negligible. Equation (2) was fit to the experi-
mental values of the scattering efliciency treating {Asn,,  |%,
v /v ik 2/ (K Tan ©), and d(2V, /A7) as adjustable
parameters. The solid line in Fig. 1 represents the best fit to
the experimental data where the values found for the adjus-
table parameters are:

[Any, ., 1= (1.58 £ 0.05)x 10 *,

vy /v =156 1 0.5,

fik 2/ (ky Ttan ©) = (2.25 + 0.10yx 10 " g'"*,
d2V, /80 = (2,55 £ 010y x 10t g M

The sensitivity of the fit to these values of the adjustable
parameters is expressed by the + error buars given above.
The constant of proportionality in Eq (2) was calculat-
ed using the fact that the scattering cfficiency of the FWM
signal is given, to a first approximation, by*
y =exp( — 2a, Ty T (An,,, 1 '/A° (h)
here I = D/ cos 20, where D = grating thickness, 20 = an-

gle between (he write beams in the sample, A = wavelength
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UABLE L Sumiiary ol paiieters.

A, N N (w) Nyto) o
Sample (=10 cm 9 (x 10 (x 10" (= 10™) Ny Lae )/ M (A)
My glass 1.72 6.84 0.02 6.82 09y 004
Ca glass 0.99 4.59 0.49 4.10 0.89 006
Zn glass 0.57 5.25 2.55 2.70 0.51 008
Sr glass 0.41 1.59 5.1 248 0.33 0.09
B glass 0.26 5.52 4.50 1.02 018 012
of the write beams, An,,, = modulation of the refractive for A, listed in Table 1L However, considering the simplicity

index of the sample, a,, = absorption coeflicient of the sam-
ple at the write beam frequency.

The values of the adjustable parameters were used in
Eqgs. (7) and (24) from Ref. 2 1o calculate the difference in
the minima of the two wells, A, the population of well |
before excitation, &, (0) (initially all ions are assumed? to be
in well 1), and the population of each well after the system
has reached equilibrium, ¥, (o0 ), for each of the samples
investigated in this work. The values of these parameters are
listed in Table T1. It is observed that the asymmetry de-
creases as the mass of the divalent modifier ion increases.
This same trend was reported® in a series of silicate glasses
with different monovalent moditier ions and was attributed
to the fact that the glass becomes more ordered as the radius
of the modifier ion increases and therefore the possibility for
multiple configurations decreases.

The decrease in the difference between the two potential
minima in the samples with heavier maodifier ions is an indi-
cation of the fact that there is less thermally induced change
in the local glass structure. Because of this, it is more difficult
to trap ions in well 1T in these samples. This is shown in Table
I by the decrease in the ratio ¥y, (o )/ N, (0) as the mass of
the modifier ion increases.

Using the value obtained for the last adjustable param-
eter, it is possible to approximate’ the distance, d, between
the two potential minima, which is a measure of the average
distance the ions move. This distance varies from 0.04 A Tor
the Mg glass sample to 0.12 A for the Ba glass sample, as
listed in Table 1. These small values for o indicate that, as
individual ions or groups of ions move between the two pos-
sible equilibrium configurations, 1 and I, the effect on the
average configuration coordinale is very small,

The change in refractjve index per ion is 1.26x 10 ¥,
and considering the number ol ions that accumulate in well
11, which is of the order of 1x 10", the total change in the
refvactiveindex of the material is 1.26 < 10 . This is consis-
tent with the results obtained for silicate glasses with mono-
valent modifier ions inan carlier paper,” where the values for
[Any P and Ak (kT an ©) found
oo 10 and 22510
ues were reported mcorrectly in the earlicr paper.)

From Sec I the activation energy for the Mg glass sam-
ple for the high temperature vegion was found to be
27210 em ' and since the activation energy is twice the
asymmetry,” this would give an asymmetry ol 1.36 x 10"
cm L Thas value is shightly lower than the caleulated value

were to bhe

¢ respectively. (These val-
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of the model used here to describe a complex phiysical sys-
tem, the experimental and calculated vilues for &, are close
enough, Similar results were ablained (or the gliasses with
monovalent modifier ions.” In that work it was demonstrat-
ed that the measured activatipn energy decreased with -
creasing mass of the modifier ion in the sanme way as the
asymmetry factor. Since this dependence is already estab-
lished, we did not repeat temperature dependence measure-
ments on all of the samples with divalent maodifier ions but
only used one sample (o again demonstrate the equivalence
of AE,, and 24, in this set of samples.

iV. THEORETICAL MODEL

One important assumption made in the double-mini-
mum potential well model is that the refractive index of the
material is different for the two possible ocal configurations,
that is n depends on which potential minimum is occupicd by
the Eu' ' ions."? This change in the refractive index needs
to be theorctically explained and evaluated.

Starting from the Clausius—-Muossotti equation, the
change in refractive index, A, between the two configu-
rations can be related to the change in the polarizability,
Aa,, of the Eu'" ions in configuration I as compared to
configuration | hy

Ang = 2as/m)f, N A, (4)

where f; = (n7 - 2)/3 08 the Lorentz lickd correction and

N

(B3

is the number density of the Ea' ' jons in contigaration
1. Using the numericad values caleubated fram our experi-
mental data for the change in vefractive index perion, dny,
the number of ions that have moved to well TV, (o), anud
the volume ol interaction of the laser beams inside the sam-
ple, the change in polarizability, Ac
0.0134 A",

Fora theoretical evaluation of the change in polarizabil-
ity we used the model developed by Powell eral” 1o calea-
late the change in polarizability o the '/, excited state of
Nd '
ol host materials. They considered that the Nd'* ton was a

o 05 caleulated 1o be

compared 1o that of the '2,, ground stite for a varicty

maltilevel system and thiat the Taser bauns could interacd
with all possible transitions between those tesels, Having
recognized that the 444/ transitons “hartow™ infensity
from the 4/-5d and 4f-ng transitions, they estimuted that the
main contribution to the change in the polarizatiduy ol the
Nd*!

Here we consider that the change in polarizabiluy ol the

ion was due to the 4/-Sd interacnions.
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Eu' ' jons mocontiguration 11 as compared to conliguration
I s maunly due to the 4/-Sd transitions which are far from

<
resonmance aid given by

Aa AR TS VAR F o) ]{ | (e - - 1"‘] '

R A I CA R (5)

where v s the average energy ol the 4/75d states, v is the
cncrgy of the Laser photons, v is the energy difference
between the two equilibrivm contigurations [ and 11, and
ory s the ine stracture constand,

Frgure 3 shows the relevant energy levels of the Eu'!
1ons with the two posable tocal configurations of the glass
host, Fand T T he nomerical vatues used in Eq. (5) were the
free-onvalues ™ The lowest 4754 level of the Eu' ' freeion
is hnown® to be at 85,500 ¢m - and, due to the 20,000 cm !
sphitmg ol the 8d Jevel. the median energy of the 4f7°5d
mantold s ar about 95,500 con . The value of the radial
ategrad (4 8d) Tor the Eu' free jon is” 0.41 A and
i 7137 Using thie value of A, caleulated from the
experimental results and Eq. (4) 1 Eq. (), the energy dif-
ference between the two contigurations is found to be
o3 em

Smce the difference between the ground state energy of

the Eu' von i conliguration 11 as compared to configura-
ton Lwas catcnlted o be 17210 em ! for the Mg glass
sanple, as bsted i Table T the remaiming energy difference

between the two configurations 1s accounted for by a shift of

142 - 10 cmy
pared Lo confipuravon b orom Table 1, it is seen that the
shaft s the ground state energy becomes smaller as the mass
of the modifier 1on mereases. This would lead to increasing
stults m the S¢ - leveds, from 1,42+ 10 em ! for the Mg glass
sample to 288 < 10 cm ! for the Ba glass sample.

The energy difference between the two equilibrium con-
figurations was caleulated based on the free-ion value of the
vadial integral (471784 ) . The value of this integral will be

"inthe Sd levels of configuration 11 as com-
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smaller™” for the Eu' ' ions incorporated into a host envi-
ronment. This, in turn, would mean that the energy shifts
from one conliguration to the other may be somewhat larger
than those calculated usmp the free-ion value for the radial
integral. Even then, the results predicted by this model are
reasonable, since site-selective spectroscopy has shown™ en-
" from one site
of the impurity 1on to another m a glass host. However, it is
also true that the value of the radial integral can change
significandy due to a change in local environment.® 11 is
impossible to tell from these results whether the change in
the radial integralor the change in the position of the Sd level
makes the donunant contribution to the change in the polar-
izability. Both types of changes will contribute to the ob-
served results.

ergy shifts in the Sd level of about 6,000 em

V. CONCLUSIONS

Using the double-mimmum potential well model 1o ex-
plan permanent faser-induced gratings in Eu'’ -doped
glasses, a theoretical explanation was developed Tor the
change in the refractive index for different local structural
configurations of the material. The change in the refractive
index was related to the change in the polarizability of the
Fu'' ions in the two types of configuration, which in turn,
was calculated  from  the experimental  data o be
A, = 0.0134 A" Thechange in refractive index per ion was
obtained as an adjustable parameter from fitting Eq. (2) 10
the experimental data and therefore has the same value for
all glass samples investigated here. The total change in re-
fractive index varies from host to host due to the fact that the
number of ions moving from configuration 1 to configura-
tion 1 is host deperident as shaw in Table 11 However, the
actual value of Any; may also change a litte from one glass
host to another. The theoretical model used here can accu-
rately explain all of the observed results by assuming that
this change is very small so that its contribution 1o the
change in total refractive index is negligible.

On the basis of free-10n wave-functions and the assump-
tion that the 4/-5¢ transitions make the dominant contribu-
tion to the change in polarizability between the (wo contigu-
rations, we caleulated o shift in transition cnergy from
configuration 1 to configuration 11 ol 314« 10 cm ' This
is a physically reasonable energy level shift but the actual
value may be different due to the change in the value of the
radial mntegral between the two configurations. Previous re-
sults on other types of samples indicate that this latter effect
makes the dommant contribution to the polarizability
change in different host envivonments.® T is interesting to
note that the value of Any, | found for Pr' * -doped glasses is
the sameas that found for Eu' ' i the same hosts.” Since the
Sd levels for Pr' ' are at lower energies than those of Eu'
these results imply that the change in radial integral is more
important than the change in the position of the 5d¢ levels
determinimg the polarizability of the rare-carth tons in glass
hosts

Unfortunately, there is snll very little known on the
atomie scale concerning the local envivonment of rare-carth
1ons doped into glass hosts. Tt s thought that 1ons such as
Eu'' in sificate glasses occupy mterstitial sites and distort
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the local enviromment ot the host by theie Coulomb attrac-
tion of the nonbridging oaygen ions. This results in local
environments with high nearest neighbor coordination
numbers caused by the distortion of the rare earth ion on its
surroundings. In producing this distortion, the trivalent
rare-carth ion is in competition with the modifier ions of the
host in attracting the nonbridging oxygen ions. Modifier ca-
tions in the second coordination sphere increase the rigidity
of the host, thus hindering the free formation of the rare-
earth ion environment. The success of this competition for
attracting the nonbridging oxygen ions is determined by the
relutive tield strengths of the rare earth and modifier ions.
Thus, the larger the charge-to-radius ratio is tor the rare-
earth ion compared to that of the modifier ions, the more the
rare carth ion will be able to distort its surroundings.

The above discussion can be used to understand the re-
sults listed in Table 11 The asymmetry lactor &, for the
double potential well is a measure of the ability of the rare
carth ion 1o distort its local environment. If the rare-earth
jon is able to freely distortits environment, it will form a very
similar local environment at each site resulting in a small
value for the asymmetry parameter. This is reflected in Table
11 which shows that the hosts with large modifier ions and
thus Jow effective fields have small values for A whereas the
hosts having small moditier ions with high electric fields
have large values of &, . This is also consistent with the re-
sults published previously for hosts with monovalent moditi-
erions.” The &, values are larger for the glasses with diva-
lent modifier ions compared to those found i similar glasses
with monovalent modilier ions due to the higher local field
strength of the former.

Although the results deseribed here extend our under-
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standmg ol the tormution ol laser-mduced pernanent grat-
ings in rare-earth-doped glasses, there are still several
aspects of this phenomenon that require further investiga-
tion. The exact nature of the local surroundings of the rare
earth ion on the atomic scale is still not known and tinding
the right rare earth-host glass combination to optimize this
effect is still an important area of research. Further experi-
ments are currently being performed using fluorescence line
narrowing and micro-Raman spectroscopy.
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A comparison of the spectroscopic properties of Eu3*-doped fluoride
and oxide glasses under high-power, picosecond-puise excitation
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The frequency harmanic outputs of a Nd:YAG laser were used to excite Eu* ions in fluoride
and oxide glasses with high-power, picosecond pulses. Time-resolved fluorescence spectra,
fluorescence lifetimes, and rise times were measured on the fluoride glass to obtain information
about the two-photon absorption transitions and the radiative and radiationless decay
processes. The results show the importance of coherence in the intermediate state of the two-
photon transition observed with 532.0-nm pumping. Multiphoton pumping with 345.7-nm
excitation results in spectral shifts and lifetime changes which are attributed to local
polarization effects. Similar experiments were performed on the oxide glass, and the resulls
were found to be significantly different because of the more efficient radiationless decay
processes in the oxide host compared to the fluoride host.

1. INTRODUCTION

Time-resolved spectroscopy, with the use of high-pow-
er, picosecond-pulse excitation, has been shown to be an im-
portant technique for studying the spectral dynamics of tri-
valent rare-earth ions in solids.'~® We report the results of a
detailed investigation of the spectroscopic properties of
BZLT fuoride glass doped with Eu®* ions with the use of
the picosecond pulses from the primary and various har-
monics of the output of a Nd:YAG laser as the source of
excitation. In addition, similar measurements were made on
Eu’*-doped lithium phosphate (LP) oxide glass to deter-
mine the effects of the host lattice on the spectroscopic prop-
erties with this type of excitation. The time-resolved fluores-
cence spectra, fluorescence lifetimes, and rise times were
measured as a function of laser power for the variouse a-
tion frequencies. The spectral properties are analyz. . in
terms of single- and two-photon absorption processes and
fluorescence from four different metastable states, These re-
sults are especially interesting, since littie spectroscopic
work has been reported on rare-earth ions in this type of
fluoride glass host. The results obtained on the oxide glass
differ greatly from those obtained on the fluoride glass be-
cause of higher efficiency of radiationless decay in the for-
mer type of material. These results on two-photon absorp-
tion processes in Eu’* ions,are significantly different than
those reported previously for Nd’*. This is due to the fact
that the initial and final states of the transition are of the
same parity in the latter case, but not in the former one, and
thus different types of intermediate states play an important
role.

The nomenclature for different types of multiphoton ab-
sorption precesses has become somewhat confusing. In this
work we use STEP to refer to a sequential two-photon exci-
tation process in which the first photon causes a transition to
a real intermediate state, and before relaxation can occur,
the second photon excites the ion from this state to a higher

¢! Permanent address: Institute of Physics, Polish Academy of Sciences, Al
Lotnihow 32/46, 02-668 Warszawa, Poland.
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state. VTEP is used for virtual two-photon excitation pro-
cesses in which the intermediate state is a virtual state of the
system. Finally, ESA is used to refer to excited-state absorp-
tion, which occurs when the first photon excites the ion to a
real level, but relaxation to a metastable state occurs before
the second photon is absorbed. All three types of processes
have been cbserved in trivalent rare-earth ions in solids, and
it is important to identify the specific type of process in order
to determine the cross section for two-photon absorption
(TPA).

The cross section for TPA processes can be expressed
through second-order perturbation theory as’

o= ; |3 (C/ S palid (ilp, 10V /[ A, =T 115, (1)

where C contains various constant parameters and the den-
sity of final states, p is the electron momentum operator, @, 3
represent the states of polarization, Aw, is the detuning of
the laser frequency from the peak of the transition from the
ground state |0) to the intermediate state /), and I'; is the
natural linewidth of the intermediate state. The absolute
magnitude of the denominator represents the upper limit of
the interaction time for the TPA process. The type of process
involved in TPA to a specific final state is determined by the
matrix elements and interaction times involved with the dif-
ferent possible intermediate states included in the sum over
1/). For trivalent rare-earth ions, the initial state has a 4/
electron configuration, and the final state can either be an-
other state of the same configuration or a state of the
4"~ '5d configuration. For the former case, parity selec-
tion rules strongly favor virtual transitions to 54 intermedi-
ate states, despite close resonances of real transitions to 4f
intermediate states. However, if the final state is part of the
4f" = '5d configuration, real transitions to resonant 4/ inter-
mediate states or virtual transitions to 4fintermediate states
with small detuning parameters can be important in the sum
over |/). In this case the matrix elements are approximately
the same for the different types of intermediate states, and
the dominant terms in the sum depend on the interaction
times. For virtual intermediate states, this is determined by
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the detuning from resonance and is typically of the order’ of
10~"-10""* 5. For real resonant intermediate states, the
maximum interaction time can range between 10~° and
10~7s. If coherence is important in the overall TPA process,
it is the dephasing time of the intermediate state that deter-
mines the maximum interaction time instead of the fluores-
cence lifetime of the level. Finally, if the laser excitation
pulse is shorter than the maximum interaction, then the in-
teraction time of the TPA process is given by the temporal
pulse width of the laser. Each of these possibilities must be
considered in determining the specific type of process in-
volved in a TPA transition.

The experimental apparatus used for this work has been
described previously.! A passively mode-locked Nd:YAG
oscillator/amplifier laser with a pulse selector provided sin-
gle excitation pulses with widths selectable between 25 and
200 ps in duration. The energy per pulse was approximately
25 mJ, and the appropriate frequency-doubling, -tripling,
or -quadrupling crystals were used to obtain output at the
various harmonic frequencies. The time-resolved spectros-
copy measurements were made with two different experi-
mental arrangements. One involved a combination of a
monochromator, photomultiplier tube, and boxcar-signal
averager combination, with the output sent to a strip-chart
recorder. The second arrangement involved a monochroma-
tor, reticon detector, and an optical multichannel analyzer
(OMA). All measurements were performed at room tem-
perature.

The fluoride glass sample investigated in this work had
dimensions of 1.82%x 1.25x0.18 cm?. Its composition® in
mole percent was 27 ZnF,, 19 BaF,, 26 LuF,, 27 ThF, and 1
EuF,. The common designation for this glass is
BZLT:Eu®*. The oxide glass sample used for comparative
studies had the dimensions 1.46 X 1.25x0.36 cm®. The com-
position of this sample in mole percent is 30 Li,O, 52.3 P,0;,,
10 Ca0, 4.7 AlLLO,, and 3.0 Eu,0,. It is designated as
LP:Eu'*.

Il. EXPERIMENTAL RESULTS

Figures 1 and 2 show the energy levels and absorption
spectrum for Eu’* ions in BZLT glass along with the posi-
tions of the various laser frequencies used for pumping. The
lower, sharp levels are associated with states of the 4/ elec-
tron configuration. The broad, overlapping bands above
27 000cm ~ ' may either be due to states of the 4/ *5d electron
configuration or to charge transfer states. For the fluoride
glass host, the former seems more likely. The charge transfer
bands should be very close to the band edge, while the 54
bands have been previously identified in Eu®*-doped crys-
tals with their peaks near 200 and 240 nm.® The latter is in
agreement with the bands observed in this fluoride glass, and
thus we refer to these bands as 5d bands, although the charge
transfer assignment cannot be ruled out at this time. The
absorption spectra for Eu®* in the oxide glass in the visible
region of the spectrum is similar to the fluoride glass. How-
ever, in this case the host band edge is at lower energy, and
thus the charge transfer bands are shifted below the 54
bands'” and appear as bands above 24 500 cm ™.

The formulation of crystal-field-induced electric dipole
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FIG. 1. Energy levels of the 4/* and 4f*Sd configurations of Eu’* in BZLT
glass. The semicircles label the metastable states. The important absorption
and emission transitions for the different excitation wavelengths used in this
work are also shown. The solid lines represent excitation processes or radia-
tive decay processes. The wavy lines denote the nonradiative decay pro-
cesses. The broken horizontal lines show the shift in the position of the 54
level after very high-energy excitation. The £,’s denote the fluorescence de-

cay rates and the W,’s the excitation rates.

transitions in the 4" configurations, as developed by Judd"'
and Ofelt,'? was applied to the room-temperature absorption
spectrum of the BZLT sample to determine parameters use-
ful in the modeling of multiphoton spectroscopy. These pa-
rameters include the branching ratios, oscillator strengths,
and radiative decay rates. The oscillator strength of a given
transition of average frequency ¥ from alevel J toalevel J ' is
expressed as

f(alb]')y = (87 me/3h) (9/2) + 1) [ XSy (a;bT )
+ X 'Spg(afib] 7], (2)

where the electric dipole and magnetic dipole line strength-
are

S (afbJ'y =2, L0 QI TNT TN (3)
and
S, (aJib]') = (F/2me) | (fT|L + 25 [f )12 (4)

respectively. a and b represent other quantum numbers des-
ignating the states, /" represents the electronic configura-
tion, U is the tensor operator for electric dipole transi-
tions, L + 25 is the operator for magnetic dipole transitions,
and the (1, are the Judd-Ofelt parameters that are associated
with the crystal-field environment of the ion in the host lat-
tice, which are determined by the analysis of the absorption
spectrum. X and X ' are the correction terms for the effective
field in the crystal for electric and magnetic dipole transi-
tions, defined, respectively, as
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X=(n*+2)/9
and

X' =,
with n being the index of refraction of the host at the asso-
ciated transition frequency. The reduced matrix elements in
Egs. (3) and (4) have been calculated previously'*~** and
are essentially invariant from host to host.

It is extremely difficult to make use of the Judd-Ofelt
treatment for Eu®* ions because of the exceedingly weak
absorption and number of bands associated with totally for-
bidden and electric dipole forbidden transitions. Because of
the limited number of weak absorption peaks in the fluoride
glass sample, the Judd-Ofelt parameters for a very similar
Eu’ "-doped fluoride glass were used in this evaluation.'?
These were found to be ,=0.93x10"%° cm?
N, =2.61x10"*cm? and N = 2.17X 107%° ¢cm?, By us-
ing these resuits, the spontaneous emission probability can
be obtained for each transition from

Aal:b]’) = (647 /130 (2 + 1))
X (XS (aib)') + X'Spy(adib )] (5)

The branching ratios for transitions from each emitting level
can then be related to the spontaneous emission coefficient
through

B,=d4,/Z 4, (6)
where the summation is over electric and magnetic dipole
transitions to the final states j. The radiative lifetime for each
emitting level can then be determined from

(r*)y'=2.4,,. (7)
Tabie I lists the branching ratios, spontaneous emission coef-
ficients, and radiative lifetimes of the excited states of Eu’ "
1ons in the fluoride glass.
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TABLE I. Spectroscopic parameters of Eu' in BZLT Auoride glass
(A,, = spontaneous emission coefficient; g-branching ratio; 7 = radia-
tive lifetime).

Transition A,6°0 B 710 ’s)

5D, 3D, 0.532 0007

D, 1.827 0.0244

D, 00 00

F, 0.0 0.0

F, 10.662 0.1427

F, 14.122 0.1890

F, 9.866 0.1320

'F, 21.914 0.2933

F, 15.797 0.2114

%, 0.0 0.0 13383
D, >°D, 0.095 0.0013

3D, 0.516 0.0070

F, 0.485 0.0066

Fy 9.820 0.1331

'F, 8.638 017

F, 30.290 0.4105

F, 20.378 0.2762

'F, 0.426 0.0058

F, 3.143 0.0426 13.552
D, >'D, 0.163 0.0024

F, 0.624 0.0090

F, 4.344 0.0627

F, 21.124 0.3050

F, 29.002 0.4188

F, 3.006 0.0434

F, 10.988 0.1587

’F, 00 0.0 14.440
D, >'F, 1.951 0.0138

TF, 0.0 00

F, 42958 03038

F, 00 00

¥, 30224 021137

’F, 66.384 0.4694

F, 0.0 0o 37267
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Attempis to excite fluorescence of the BZLT:Eu’ * glass
with multiphoton absorption of the primary 1064-nm radi-
ation were unsuccessful. The doubled output at 532.0 nm
resulted in single-photon absorption to the D, level and
two-photon absorption into the 5d configuration band for
this sample. The quadrupled output at 266.0 nm results in
single-photon absorption into the 5d configuration band of
this sample and no observed two-photon absorption. The
tripled output at 354.7 nm gives a single-photon absorption
into the 54 configuration band followed by multiphoton ab-
sorption above the band edge of the fluoride sample. For the
oxide host, essentially no multiphoton processes were de-
tected for any of the different excitation conditions. For the
doubled, tyipled, and quadrupled Nd-YAG laser excitation,
the observed fluorescence of LP:Eu® * originated almost en-
tirely from the *D,, metastable state with very little higher-
energy emission, even for the UV pumping. The fluorescence
spectra and lifetimes observed with the various pumping
wavelengths are described below

A. Resulits for 266.0-nm pumping

Figure 3 shows the BZLT:Eu’* fluorescence spectra
obtained at two different times after the 25-ps excitation
pulse for quadrupled Nd-YAG laser pumping at 266.0 nm.
The spectral resolution of the laser lines used for excilation is

approximately  §- 1 em ~' Observation of the emission in-

2( 10%em' 1)
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T Tj T L) Al ¥ ] L) T S L}
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0
380 440 500 560 620 680
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FI1G. 3. Fluorescence spectra of BZLT:Eu’* glass at two times after the
excitation pulse at 266.0 nm, (a) 50 ns and (b) 1.0ys.
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tensity for all lines shows a linear dependence with pump
power, thus indicating that single-photon absorption is re-
sponsible for exciting all of these transitions. The fluores-
cence emission includes transitions originating from all the
various *D, levels, as well as from the 5d configuration level.
Each of the five groups of lines in Fig. 3, corresponding to the
five different fluorescing states, has its own characteristic
lifetime.

Figures | and 2 show that the 266.0-nm excitation di-
rectly pumps the 5d configuration level. Part of the excita-
tion energy decays radiatively from the 54 level to the var-
ious 'F, multiplets of the ground-state term, while the rest of
the excitation energy cascades down to the *D, levels by fast
radiationless relaxation processes. The fluorescence lifetime
of the 54 level is measured to be 70 ns. The *Dy 5 | , levels all
have radiative transitions to the ground-state multiplets
with fluorescence lifetimes of 1.57, 1.42, and 1.24 us, and
5.94 ms, respectively. All of the lifetimes plotted were single
exponential over two decades and have maximum error bars
of + 2%. The fast nonradiative decay rate from D, t0*D, is
determined from the rate equations described below to be
6.1 10% s~'. This value is almost identical to the rate of
6.3 % 10°s ™" given by the Judd-Ofelt analysis. For 266.0-nm
pumping, a rise time of approximately 2 s occurs when
observing the *D,~"F, emission transitions. With the use of
Weber's model'® for a cascading decay process, the theoreti-
cal estimate of this rise time should be <« 10 us, which is
consistent with the observed result. Fluorescence from the
Dy, levels of Eu'™ is well known in other hosts, but the
observation of fluorescence from the *D, and 5d levels is
unusual. The fluorescence lifetimes and rise times for each of
the metastable states are listed in Table 11 for these pumping
conditions.

The time evolution of the fluorescence spectra shown in
Fig. 3 can be described by the rate model shown in Fig. 1.
The rate equations describing the time evolution of the excit-
ed-state populations are given by

d;'t" =W, —B,n,, (8)
dn, Ty — Bang, (9
dn, =fB%n, — B, (10)
(f;z By — By, (1
‘i;" =f3%n, —Bn, (12)

The n,’s represent the concentrations of ions in the various
excited states, the f3,'s are the fluorescence decay rates of
these levels, the 3'"s refer to the nonradiative decay rates,
and W, is the pumping rate of the 54 configuration level.
Table I shows from the Judd-Ofelt analysis that nonradia-
tive decay is dominant between the *D;, 3D,, and *D, meta-
stable states, whereas radiative decay is the dominant pro-
cess from the *D,, state to the ground-state components.
With the assumption of a delta function excitation
pulse, these equations can be solved to give the time evolu-
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TABLE II. Characteristics of metastable siates of Eu* in BZLT (At = 25
ps: I'=300K).

Level
Purameter D, 5D, D, D, 5d
Fluorescence lifetimes
7, {us)
4., =266 or 5940 1.24 1.42 1.57 0.07
532 nm
A, = 13547 nm* 0.57 071 0.82
0.26 0.34 0.18
Fluorescence rise times
£, (us)
A, =266 18 <035 028 006 003
532 nm 2100 0.03
A, = 3547 nm 0.05 0.03

* The Aluorescence consisted of the superposition of shaep lines and a broad-
band.

tion of the excited-state populations. The observed fluores-
cence intensities from the ith level can be expressed as the
product of the population of the level and its radiative decay
rate #7. The solution of Egs. (8) and (9) gives the ratio of
intensitics of the 5d and °D, levels as

LIy =KB, =Bl —exp[ (B, — Bt ]},
(13)

where K = [B7/(BB8") ). Figure 4 shows the ratios of the
integrated fluorescence intensities of all of the 54 transitions
to the ground state and the visible transitions from the *D;
metastable state. By fitting Eq. (12) to the measured time
evolution of the ratios of the fluorescence intensities, after
correcting for quantum efficiencies, branching ratios, and
the spectral sensitivity of the equipment, the value of X can

1000 —
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FIG. 4 Theoretical fitting and experimental points for the time evolution of
the ratios of the integrated Huorescence ntensities of the emission rom the
5d level and *D, metastable state after 266.0-nm excitation.
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be determined The best fit shown by a solid line in Fig. 4 was
obtained with a value of K = 3.4 107 %s.

From the value of X obtained from the TRS results, it is
possible to obtain the radiative decay rate from the 54 con-
figuration level. The values needed for evaluation are the
branching ratios for the *D, metastable state, and these are
available through the Judd—Ofelt analysis of the absorption
spectrum. Use of the branching ratios, along with the mea-
sured value of the fluorescence lifetime of the 54 level, gives
an estimate for the radiative decay rate for the 54 level of
9.72 +2.14x10%s™".

Figure 5(a) shows the LP:Eu®* fluorescence spectrum
at 5O us after the 266.0-nm excitation pulse. The fluores-
cence from the *D, metastable state to the ’F,, ,,, multi-
plets of the ground term is much stronger in the oxide glass
than in the fluoride glass. The measured fluorescence life-
time of the *D, level is 3.15 ms for this sample and is also
purely single exponential. There is some very weak fluores-
cence from the >D, and *D, metastable states, us well as some
weak broadband fluorescence at higher energies, which may
be associated with charge transfer transitions. The signal
from the weak fluorescence transitions was too small to ob-
tain accurate fluorescence lifetime measurements. A com-
parison of the Eu'* fluorescence in the oxide and fAluoride
glass hosts for this type of excitation shows that radiationless
relaxation processes are more efficient in the oxide glass,
which is consistent with previous results obtained by using

other types of excitation.'”""
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B. Results for 532.0-nm pumping

Figure 6 shows the fluorescence spectra at two different
times after the laser excitation pulse for doubled Nd-YAG
laser pumping at 532.0 nm. The same lines appear in the
spectra as seen in Fig. 3, but their relative intensities are
different and change with excitation power. Figure 7 shows
the variation in the integrated fluorescence intensity of the
emission line near 515.0 nm as a function of excitation ener-
gy per pulse. The observed quadratic dependence indicates
that this fluorescence transition is excited under these pump-
ing conditions by two-photon absorption terminating on a
level of the 5d configuration. The fluorescence transitions
from all of the metastable states are the same as those dis-
cussed in the preceding section following single-photon
pumping of the 54 level. As seen in Fig. 1, the intermediate
state for this two-photon transition is one of the Stark com-
ponents of the *D, level, which can be directly pumped
through one-photon absorption processes at this excitation
wavelength. Only part of the ions excited to this intermedi-
ate state will absorb a second photon, while the rest will
decay cither radiatively to the ground state or radiationlessly
to the *D,, level from which fluorescence emission occurs to
the ground-state multiplets.

As shown in Table I, the rise time of the fluorescence
decay profiles for the *D,-"F, transition is measured to be 2.1
ms, with a 5.9-ms decay time. The decays occurring after the

2 10%m )
, 125' — 20 — 15
8 L l(a) ! 7\x=532.0nrln 4
L t=50ns ]
6r :

N
-
SLE
!

I{arb. units)

r L L4 '
. A y:532.0nm |
s t=1.0us |

AL

380 440 500 560 620 680
Alnm)

FIG & Fluorescence spectra of BZLT:Eu’* glass at two different times
after the excitation puise at 532.0 nm, (a) 50 ns and (b) 1.0us.
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FIG. 7. Integrated fluorescence intensity of the 515.1-nm spectral line as a
function of laser energy at $32.0-nm excitation with a 25-ps pulse.

initial rise were observed to be single exponential. The ob-
served rise time is much longer than expected for a direct
nonradiative transiticn from the *D, level. Longer than nor-
mal rise times of fluorescence from the >D, level have been
observed previously'®2” and have been attributed to intersite
energy transfer. Similar processes could also be important
for the glass host. The laser excitation in resonance with the
absorption transition to the °D, level can selectively excite
ions in specific host environments.?® This is possible since
the laser linewidth ( <0.5 A) is much less than the widths of
the excited electronic levels (approximately 100 A). The
long rise time was found to be independent of the power of
the laser excitation, indicating that it is not specifically asso-
ciated with multiphoton processes.

Figure 5(b) shows the LP:Eu** fluorescence spectrum
at 50 us after the 532.0-nm excitation pulse. As with 266.0-
nm excitation, there is a strong fluorescence from the *D,
level and only weak emission from the *D, level. No fluores-
cence can be observed from any of the higher levels, indicat-
ing that no multiphoton absorption processes are occurring.
The fluorescence lifetime of the D, levels is 3.15 ms, also
found to be single exponential, and the rise time is 600 us.
The latter is again anomalously long for simple radiationless
refaxation processes. The LP glass and asimilar Eu®*-doped
fluoride glass were studied previously?' under different exci-
tation conditions. The results indicated that the lifetimes re-
mained single exponential and fairly constant across the flu-
orescence band. The energy transfer among the Eu'* ions
was measured to be weak and thus did not strongly effect the
observed decay kinetics, although it can contribute to the
initial rise of the fluorescence.

A simplified rate diagram for describing the pumping
and decay dynamics under these excitation conditions is
similar to that shown for 266.0-nm pumping in Fig. |. The
parameters are the same as those previously used, except
there are the additional parameters W, to describe the initial
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single-photon pumping rate of the D, level and the second
photon rate of the 5d level given by W . Thus Egs. (8) and
(11) now become

Ma o B, (14)
dt

dn, ar

d—"=u’,+ﬁ'3"3_‘»82”2, (15)

A =m(0)B7; exp( — fFy1),

with Egs. (9)-(11) remaining the same. Once again, the
solutions of Eqs. (14) and (15) for 5-function excitation can
be related to the measured relative fluorescence intensity ra-
tios through

L(/1,() = {4 + B}/C, (16)

where the variables 4, B, and C are given by

(m

B =n,(0)B:8YBYBY [exp( =B/ [(By—B3)(By— BBy —By) ]
+ {exp( =B /[ (B: = BBy — By) (By _B-n)] + [exp( -ﬂd’)]/[(ﬂz — BBy —84) (B, —ﬁJ)]}r (18)
C =n, (00835883 {lexp( =B/ [(By —B3)(Bs—By)]

+ [exp( —B;l)]/[(ﬂ3—34)(ﬁd —ﬂq)] + [exp( —,B,If)]/[(BJ—BJ)(B4 -ﬂd)]}

A simplified expression describing the ratio of the initial
populations of the 54 and *D, levels is given by evaluating
Eq. (16) atlong times after the excitation pulse. This evalua-
tion is made possible with a few minor assumptions. Since it
is experimentally determined that 8, =~f8,=8, €8,, then as
t — w, the exponentials involving 8, will become negligible,
and we can assume that g, =pf; =0, Likewise, since
B,=p, and the Judd-Ofelt analysis shows that
{85/85} =1, our expression simplifies to
L/ L]y

=yB5B 1 {[n,(0)/n,(0)] - aB}, (20)
wherey = 3.9 107 s’ and a = 3.7X 10™2s5. We may then
use the values of the intensity ratios at long times after the
puise to find the initial populations of the levels.

Figure 8 shows the ratios of the integrated fluorescence
intensities of all of the 5d transitions and the visible transi-
tions from the *D, level in the fluoride glass for two different
pulse widths. The data indicate that the relative values of the
initial populations of the 5d and D, levels are approximately
independent of the excitation pulse width. This indicates ei-
ther that the maximum possible interaction time for the
TPA process is much longer than the laser pulse width, so
that no change in the intermediate state occurs during the
time of the experiment, or that any transient changes in the
properties of the intermediale state occur very rapidly with
respect to the excitation pulse width.

By using the measured asymptotic values for the intensi-
ty ratios and Eq. (20), the initial population ratios are deter-
mined. These values of the initial population ratios can then
be used to calculate the cross section for the second part of
the TPA transition. The expression for this is'

0,4 (cm?) = [n,(0)/n,(0) ] (hvy/hv,)
X[Al/(0.375)lp](§), (21)

whiere At is the laser pulse width, and /, is the photon flux
per pulse. A major simplification used in Eq. (21) is the use
of the simplified expression P(r) = (0.375/4¢) for the
pulse-time dependence, instead of the full Gaussian expres-
sion
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(19)

P(r) = (0.375/A0)exp{ — 2.77[ (¢ — 1,741 12}, (22)

In order to evaluate the cross section for the second step
in the TPA process, it is necessary to estimate a value for the
rate of interaction in the intermediate state, £. The fluores-
cence lifetimes of the *D, metastable states are all much
greater than the laser pulse widths. Use of either of these
lifetimes or the time of the laser pulse as the effective interac-
tion time gives values for the cross sections which are several
orders of magnitude smaller than the values expected for f-f
transitions. Thus ESA and STEP transitions with incoher-
ent intermediate states can be eliminated as the type of TPA
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FIG. 8. Time cvolution of the ratios of the integrated fluorescence intensi-
ties of the emussion from the *D, and *D, metastable states afier $32.0-nm
excitation for two difterent pulse widths Ar.
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process. For a transition involving a virtual intermediate or
coherent TPA process with a real resonant intermediate
state, the coherence times hiave been found to be in the range
10722107 " 5.* This can be estimated by considering the
spectral line shape of the absorption transition from the
ground state to the possible intermediate states. According
to Eq. (1), the dephasing time will then be the maximum
time for TPA involving a real intermediate state. For transi-
tions involving virtual intermediate states, the maximum in-
teraction time is less than the coherence time by an amount
determined by the detuning from resonance. In our case the
single-photon absorption terminates on the edge of an ab-
sorption band due to a transition terminating on one of the
Stark-split components of the *D, metastable state. How-
ever, there are other levels with small detuning parameters,
such as the other Stark components of *D,, which can have
interaction times equal to or greater than that of the resonant
interaction and thus cannot be neglected in the sum over
intermediate states in Eq. (1). The measured transition
linewidths in the absorption spectrum were used to estimate
the coherence times. '

This analysis gives a value of £ = 4.6 X 10'* Hz for the
resonant transition, which provides an upper limit for the
mteraction lime, since at room temperature the linewidths
should be a combination of homogeneous broadening due to
phonon processes and inhomogeneous broadening due to the
disorder in the glass host. For nearby off-resonance transi-
tions, the measured coherence time is somewhat greater, but
inclusion of the detuning parameter leads 1o similar interac-
tion times. Thus the value found for £ is used as an estimate
of the interaction time. By using this value along with the
values of the population ratios obtained from Eq. (20) and
the excitation pulse intensity and width, Eq. (21) gives the
values of the cross secitons for the second transitions in the
TPA processes. The magnitudes are somewhat larger than
those of ground-state absorption transitions, because they
are parity allowed. This indicates that the TPA processes are
either VTEP processes or a coherent STEP process in which
fast phonon dephasing processes that broaden the intermedi-
ate level without shortening its lifetime are important in de-
termining the cross section of the second step in the TPA
processes.

Figure 9 shows the variation of o, with excitation pulse
width for the BZLT sample. The linear relationship between
the cross section and laser pulse width is consistent with Eq,
(21), and the magnitude is consistent with having a fast in-
teraction time compared to the pulse width.

C. Results for 354.7-nm pumping

Figure [0 shows the fluorescence spectra at (wo differ-
ent times after the excitation pulse for tripled Nd:YAG laser
pumping at 354.7 nm. The lifetimes of the transitions are
listed in Table I1. This emussion is quite different from that
observed with 532.0- or 266.0-nm pumping. The wave-
lengths of the emission transitions are at different positions,
and the lifetimes are different. Each of the three sets of
fluorescence peaks involves a double exponential decay with
a very fast rise time. For example, the 410-nm peaks have a
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FIG. 9. Variation of the absorption cross section of the excited-state part of
the STEP transition vs laser pulse width for 532.0-nm excitation.

longer decay component of 819 ns, a faster component of 179
ns, and a rise time of approximately 30 ns. The other two sets
of peaks show similar lifetimes and rise times, which are
listed in Table II.
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FIG. 10. Fluorescence spectra of BZLT:Eu®* glass at two different limes
after the excitation pulse at 354.7nm, (a) SOns and (b) 1.0 us. The dashed
line on the high-energy edge denotes the corrected spectra after the overlap
with the 354 7-nm exciting light 15 taken into account.
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The double eaponential decays, rise tines, shift in tran-
sition wavelengths, and reduction in the number of emission
peaks indicate that there is a change in the configuration
coordinates describing the energy levels for these pumping
conditions. This may be associated with a multiphoton exci-
tation process terminating at an energy far above the band
edge. During the time the electron is in this highly excited
state, the interaction of the ion with its surroundings will
change through local polarization effects. The electron de-
cays back down to the various metastable states, and
fluorescence occurs before the surrounding lattice has time
1o relax back to its equilibrium condition. It appears that in
this polarized state of the local site of the ion, the 54 configu-
ration level is shifted, so that the bottom of its potential well
falls below that of the D, metastable state, With these condi-
tions, no fluorescence comes from the latter level. Likewise,
it is possible that multiphoton excitation with 354.7 nm lifts
the electron into the charge transfer band located above 200
nm. Following this excitation, radiative transitions come
from either the charge transter states of the 54 band, in addi-
tion to the >D, levels. If there is a combination of radiative
relaxation from both the charge transfer states and 54 bands,
this could account for the double exponential decay curves
observed with each transition. Single-photon excitation by
354.7-nm light in the LP:Eu’* glass directly pumps the
charge transfer state and gives a similar spectra to that seen
in the fluoride glass. This spectrum, shown in Fig. 5(c), is
taken at 50 us after the 25-ps pulse. One difference is that the
lifetimes in the oxide glass remain single exponential, indi-
cating that there is no transfer or overiap between the 54 and
charge transfer states. A schematic drawing of this model
describing the change in the configuration coordinates is
shown in Fig. 11. This model is a qualitative model for de-
scribing the changes after 354.7-nm excitation. More work
needs to be done to better understand the shifts in emission
and changes in lifetimes. Future work is planned when the
addition of a picosecond dye laser attachment is completed.

11l. DISCUSSION AND CONCLUSIONS

Picosecond-pulse excitation is an important experimen-
tal method for characterizing the spectral dynamics of ions
in solids. The time-resolved spectroscopy technique pro-
vides a usetul means through which two-photon absorption
cross sections can be determined. These results, coupled
with measurements of tlie excitation pulse-width depend-
ence of the cross section, allow the mechanism of two-pho-
ton absorption to be identified.

The resuits show that Eu’* ions in BZLT fluoride glass
emit fluorescence from higher metastable states of the 4/¢
configuration and from the lowest level of the 5d configura-
tion. This implies weuak electron-phonon interaction in
BZLT:Eu’* compared to many oxide glass hosts that exhib-
it fuorescence only trom the *D, level, or the D, and °D,
levels after radiationless relaxation from higher excited
states.?? Characterizing the properties of the 4/°5d-4f® inter-
configurational trunsition is especially interesting, since this
has not been extensively studied, whereas the CTS of oxide
glasses similar to the LP glass have typically been more
closely studied. High-power, picosecond-pulse excitation
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tion. The broken line schematically represents the shift in the 34 potential
well due to local polarization effects fotlowing the multiphoton 354.7-nm
pumping. The dotled line mdicates the posiion of the charge transter band
above the 5d level.

produces two-photon absorption in the BZLT glass, which
was shown to take place through a mechanism involving a
coherent intermediate state. The cross section for the second
photon absorption in the TPA process is found to be signifi-
cantly greater than that of the first photon absorption. This
is because the former involves an f~d transition with a large
density of finai states, while the latter is an /+f transition with
asmall density of final states.?* The results obtained on Eu'’
in the oxide glass provide less information on the spectral
dynamics associated with high-power, picosecond pumping.
This is due to the fact that the faster radiationless decay
processes in the oxide host result in strong fluorescence
emission only in the lowest metastable state. This demon-
strates one limiting aspect of the time-resolved spectroscopy
technique used here: it depends on having fluorescence emis-
sion from levels pumped only by two-photon absorption
transitions as well as emission from levels pumped by one-
photon absorption.

No evidence of ESA processes was found for the fluoride
glasses under these excitation conditions, and no VTEP were
observed when the excitation wavelength was not very close
to resonance with a real single-photon transition. Multipho-
ton excitation to energies well above the band gap of the host
allows a local distortion of the lattice to occur which leads to
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Eu'* fluorescence from a distorted crystal-field environ-
ment, giving rise to very different spectral properties. These
types of spectral shifts and lifetime changes have been ob-
served in other types of materials under conditions of high-
energy excitation.?

Comparison of the resuits obtained on Eu®* with those
reported previously onNd** shows that the type of TPA
process taking place in trivalent rare-earth ions under simi-
lar excitation conditions can be quite different, depending on
the nature of the final state of the transition. The latter case
involved /-f transitions, and a resonant transition to a real f
intermediate state was found to dominate the sum over inter-
mediate states. The former case involves f~d transitions, and
virtual or cohierent real fintermediate states were found to be
important in the TPA transition.

ACKNCWLEDGMENTS

This work was sponsored by Rome Air Development
Center and the U.S. Army Research Office. The fluoride
glass sample was provided by Rome Air Development Cen-
ter, and the oxide sample was provided by Lawrence Liver-
more National Laboratory. G. J. Quarles was supported by a
fellowship provided by the Air Force Weapons Laboratory.
The authors gratefully acknowledge helpful discussions con-
cerning this work with G. Boulon.

'G. J. Quaries, G. E. Venikouas, and R. C. Powell, Phys. Rev. B 31, 6935
(1985); G. E. Venikouas, G. J. Quarles, J. . King, and R. C. Powell,
Phys. Rev. B 30, 2401 (1984).

870 J. Appl. Phys , Vol 63, No. 3, 1 February 1988

M. A. Kramerand R. W. Boyd, Phys. Rev. B 23, 986 (1981).

*T. Y. Fan and R. L. Byer, J. Opt. Soc. Am. B 3, 3454 (1986).

*A. Lezama and C. B. De Araujo, Phys. Rev. B 33, 3221 (1986).

L. E. Kholodenkov and A. G. Makhanek, Phys. Status Solidi B 125, 365
(1984).

*0. K. Moune-Minn and P. Procher, C. R. Acad. Sci. (Paris) 300, 203
(1985).

’I. Tanaka and M. Kawasaki, in Advances in Multiphoton Photon Processes
and Spectroscopy, edited by S. H. Lin (World Scientific, Singapore, 1984),
Vol. 1, p. 239.

“M. G. Drexhage, O. H. El-Bayoumi, C. T. Moynihan, A. J. Bruce, K.-H.
Chung, D. L. Gavin, and T. J. Loretz, Commun. Am. Ceram. Soc. 5. C-
166 (1982).

°N. C. Chang, J. Appl. Phys. 34, 3500 (1963).

R, Reisfeld, Struct. Bonding 13, 30 (1973).

"'B. R. Judd, Phys. Rev. 127, 750 (1962).

2G. S. Ofelt, J. Chem. Phys. 37, 511 (1962).

""W. T. Carnali, P. R. Fields, and K. Rajnak, J. Chem. Phys. 49, 4450
(1968).

MR. Reisfeld, E. Greenberg, R. N. Brown, M. G. Drexhage, and C. K. Jor-
gensen, Chem. Phys. Lett. 95, 91 (1983).

'313. Blanzant, L. Boehm, C. K. Jorgensen, R. Reisfeld, and N. Spectro, J.
Solid State Chem. 32, 185 (1980).

'*M. J. Weber and R. F. Schaufele, J. Chem. Phys. 43, 1702 (1965).

"7L. A. Riseberg and M. J. Weber, Prog. Opt. 14, 89 (1972).

'"C. Layne and M. J. Weber, Phys. Rev. B 16, 3259 (1972).

'°C. Brecher and L. A. Riseberg, Phys. Rev. B 21, 2607 (1980).

*R. B. Huat, Jr. And R. G. Pappalardo, J. Lumin. 34, 133 (1985).

1X. Gang and R. C. Powell, J. Appl. Phys. 57, 1., (1985).
S, Yatsiv, W. G. Wagner, G. S. Picus, and F. M. McClung, Phys. Rev.
Lett. 15, 614 (1965).

'u. V. Denisov, L. V. Kovaleva, V. P. Kolobkov, and V. V. Rastoskuev,
Opt. Spectrosc, 38, 54 (1975).

1. D. Axe, Jr., Phys. Rev. 136, A42 (1964).

¥D.S. McClure and C. Pedrini, Phys. Rev. B 32, 8465 (1985):S. A. Payne,
A. B. Goldberg, and D. S. McClure, J. Chem. Phys. 81, 1529 (1984); C.
Pedrini, F. Rogemond, and D. S. McClure, J. Appl. Phys. 38, 2379

(1986).

Quarles, Suchockl, and Powell 870




.6

PHYSICAL REVIEW B

VOLUME 43, NUMBER !

1 JANUARY 1991

Photorefractive properties of KNbO,

Roger J. Reeves, Mahendra G. Jani, Bahaeddin Jussemnejad,® and Richard C. Powell
Center for Laser Research, Oklahoma State University, Stillwater, Oklahoma 74078-0004

Greg J. Mizell and William Fay
Virgo Optics, Inc., 6736 Commerce Avenue, Port Richey, Florida 34668
(Received 25 January 1990)

Several experimental techniques were used (o characterize the photorefractive properties of
KNbO,. Continuous-wave excitation was used to study two-beam coupling and creation times of
photorefructive gratings lor both undoped and doped samples. The results show how different types
of dopants affcet the photoretractive sensitivity and material properties relevant to the photorefrac-
tive effect such as carrier mobility, trapping time, effective trap density, effective electro-optic
coeflicient, Debye length, and the sign of the dominant photocarrier. Picosecond pulse excitation
was used to study fast nonlinear responses of undoped KNbO,. Along with the trapped-charge pho-
torefractive response observed at long times after the excitation pulses, it was also possible to ob- -
serve nonlinear responses due to absorptive changes at intermediate times and an ultrafast response
that may have contributions associated with bound-electron nonlinearities and with scattering from

Nb?* " -ion hopping modes.

I. INTRODUCTION

Displacive ferroelectric crystals have the electro-optic
properties necessary for producing photorefractive effects
{PRE’s). These light-induced changes in the refractive in-
dex of the material are the basis for many important de-
vices in optical technology involving holographic storage,
optical data processing, and phase conjugation.! KNbO,
is predicted to have a high photorefractive sensitivity for
materials of this class, but its properties have a0t been
fully characterized.* The purpose of the reszarch de-
scribed here is to present new information about the pho-
torefractive response of KNbOj crystals. The two most
important aspects of this work are determining how the
material properties change with ditferent types of doping
tons and showing how the nonlinear-optical response of
the material evolves with time after picosecond pulse ex-
citation.

The matenal properties associated with the PRE’s are
characterized using a spatial light intensity grating gen-
erated by the interference of two coherent laser beams,
The photorefractive response is associated with mobile
charge carriers which are produced by photoionization of
trap levels 1n the bright regions and through drift and
diffusion are subsequently retrapped at new regions in the
crystal. This leads to the buildup of a space-charge field
1w rhe material which modulates the refractive index
through the electro-optic eflect. Since the uagnitude of
the index change is proportional to the absorbed energy,
the PRE can be generated with weak light sources on
long-time scales, but it requires very high fluences to pro-
duce the PRE's with fast laser pulses. Other mechanisms
associated with free carriers, bound charges, absorption
changes, and vibrational properties can produce compet-
g nonlinear-optical responses. To understand the PRE
response of a material, it 1s necessary to characterize the
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charge generation, relocation, and trapping processes as
well as the effects of the competing nonlinear-optical pro-
cesses. This can be accomplished by using a variety of
experimental techniques which provide information over
a wide range of response times and for samples with
several different trap compositions. The results of this
type of comprehensive investigation of KNbO; are de-
scribed in the following sections.

Potassium niobate is a ferroelectric material with the
perovskite type of crystal structure. Al room lempera-
ture it has orthorhombic crystal symmetry of paint group
mm?2, and the electro-optic coefficients of this matertal
have been determined.® The various structural phases of
KNbO; can be thought of as being derived trom the cu-
bic paraelectric phase by a series of distortions of the
original cubic cell. For example, the orthorhombic dis-
tortion consists of a stretch of the original cube along one
of the face diagonals {the cubic {110] direction). The
{ 110] direction suffering a slight elongation is the direc-
tion of spontaneous polarization and is designated as the
¢ axis of the principal cell. The remaining principal axes
coincide with the other twofold rotation axes. Using the
convention of previous work, we label the orthorhombic
b axis as the direction parallel to the {010} auxis of the
original cubic cell. This is the only axis conserved
through the phase transitions of the material.

Single crystals of high-optical-quality KNbO, were
grown from high-temperature solutions using cstabhished
techniques. Both undoped crystals and crystals contamn-
ing up to 1 mol% of Ta’', Na', Rb', or Fe'' were
grown and cut into samples of approximate dimensions
IX3IXS mm A discolorization was observed i all
doped sampies - .th the exception of Na:KNbQO . Prehim-
inary studies indicate that each dopant was unitormly in-
corporated in the crystal lattice at concentrations up to
the 1 mol % level used in this study. The crystals were
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x-ray onented and poled.t Slight variations were ob-
served in the x-ray Bragg angles and Curie temperature
for the Ta:KNbQ, sample. The most probable location
of Ta'' in the KNbO, lattice is the Nb*' site while the
Na' and Rb' ions are believed to occupy the K ' site.
Fe'' has been previously studied and reported to occupy
the NbY' site with the creation of free charge carriers.?
Prior to poling, chemical polishing of doped and undoped
samples revealed various domain-wall structures which
could be readily observed on the surface with 8X
magnification.  In some cases, these observed surface pits
and steps corresponded to visible domain imperfections
within the bulk and in close proximity to the surface.
After poling and repolishing, no evidence of domain
structures at the surface could be observed.

II. RESULTS FOR CONTINUOUS
WAVE EXCITATION

Laser-induced photorefractive gratings were written in
undoped and doped KNbO, crystals using the 514.5-nm
emission of a continuous-wave (cw) argon-ion laser. The
photorefractive characteristics of the samples were stud-
ied using two types of experimental measurements: two-
beam coupling and transient four-wave mixing (FWM).

A. Experimental

The experimental setup used for the beam coupling ex-
periments is shown in Fig. Ha). In these experiments one
of the two beams used to write the grating is reduced in
intensity and is designated as the probe beam. The
pump- and probe-beam intensities were 820 mW/cm? and
5.3 mW/em?, respectively, and the pump beam was ex-
panded to eliminate problems associated with nonunifor-
mities of the light interference pattern. This experimen-
tal arrangement resuits in a grating thickness that is al-
ways equal to the crystal thickness independent of the
crossing angle between the two beams. The intensity of
the transmitted probe beam was measured with a pho-
tomultiplier tube and recorded on a strip chart recorder.
The photorefractive gain was determined by recording
the intensity change of the transmitted probe beam as the
pump beam was cycled on and off.

In the four-wave mixing arrangement [Fig. 1(b)], the
laser-induced grating was produced by two equal intensi-
ty pump beams with the same beam diameters. The
grating Propcrlics were determined by using a weak (50
nW/cm™) HeNe laser for the probe beam. The probe
beam enters the sample in the opposite direction from the
pump beams and is aligned for Bragg diffraction off the
grating. A photomultiplier tube was used to detect the
intensity of the diffracted pribe beam and the signal was
recorded on a digital oscilloscope. By chopping the
pump beams on and off, the dynamics of grating forma-
tion were studied.

3. Results of two-beam coupling measurements

For some samples and experimental conditions, the
charge relocation properties cause the refractive index
grating 1o be out of phase with the incident light pattern.

(a) .
b 3
Probe KNbO3
Beam 1.40) [K{B]
1,(0)
Pump i
Beam
(b) ¢
e 3
Pump
Beams

Diffracted
p Beam

N cw Probe
Beam

FIG. 1. Crystal and beam arrangements for (a) two-beam
coupling experiments and (b} nondegenerate four-wave-mixing
experiments.

Under these conditions energy can be transferred from

one beam to the other. The direction of the energy

transfer is determined by the crystal orientation and the

sign of the dominant charge carrier. With the crystal

oriented for maximum gain, the intensity of the signal

beam can be written in terms of the gain coefficient I' as®
1LY [1,(0)+1,(0)]exp[({F —a)lL]

= , (n

1,10) 1,(0)+1(0lexp(TL)

where a is the absorption coefficient, L the interaction
length, and I, and [, are the intensities of the pump and
signal beams. Equation (1) reduces to

L(L)=1{0exp((T—all] (2)
if 1,(0)>>1.(0) and the pump beam is assumed to suffer
negligible depletion traversing the length of the crystal.

Experimentally we measure the effective gain® y, given
by

}’()=11(L)Wl|'l pump/]r‘l‘)withmu pump=exp( rL) {3

if the depletion of the pump beam is neglected.
The beam coupling gam can be expressed in terms of
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material parameters as
F=2mn’r g Esc/A , (4)

where n is the effective refractive index, r 4 is an effective
electro-optic tensor component, and Egc is the space-
charge field. By including factors that account for the
relative contributions of electrons and holes to the pho-
torefractive effect, r . can be related to the electro-optic
tensor component of a fully poled crystal as’

rclT=Fr.\ngU’ . (5)

F is a fractional poling factor, o’ is a normalized conduc-
tivity, and r,,, is the appropriate combination of electro-
optic tensor components and angular and polarization
factors for a fully poled crystal. For the two cases of only
one type of charge carrier, ’= +1 for holes and o' = —
for electrons. In the experiments performed here the two
inpul beams were incident on the {a ) surface of the crys-
tal and were p-polarized so that r,,, can then be written
as

r g =(n3ryycos?0—nir sin®0)/n* (6)
where
n={(cos?0/n})+(sin*0/n}))71" . (7)

The space-charge field takes the form
Esc=[2mky T /e )[A /(A + A, (8)
where A is the grating spacing und
Ap=[dm%ee ky T /(e N2 (9)

is the Debye screening length. Substituting for Egc in
Eq. (4) yields the expression for the photorefractive gain

C={2mn’ky Tr/te MK, /(K] +KDT, (10)

where K, =2m/A, and K, =2w/A, By measuring the
beam gain T as a function of grating spacing A, and ap-
plying Eq. (10), two material properties can be deter-
mined: r;and Ny =NN'/(N+N7), the effective den-
sity of empty traps.

In all the beam coupling experiments on undoped and
doped KNbO,, the grating normal was aligned paralle! to
the ¢ axis and the crystalvand beam geometry were ar-

ranged to give gain to the signal beam. At each angle of

the input beams, the effective gain y, was measured and
the photorefractive gain I" determined using Eq. «3). The
experimental values for [ were fit 1o a strasght line form’
of Eq. (10,

K /T =(eA/Qank, Te )1 +K;/KN], (1

with K, /T plotted versus K;. This presupposes that r 4
is independent of K. Examination of Eg. (5) shows that
this assumption implies that ¢’ is independent of K, a
situation that exists only if one type of photocarrier is
dominant. When displayed in this manner, a value for
r.g can be obtained from the intercept and a value for K|
can be obtained from the slope and intercept of the
straight-line plots. The experimental points are shown in

Fig. 2(a) for the five crystals studied and the values of r ¢
and N obtained from these results are summarized in
Table 1. F.gure 2(b) shows theoretical curves of the pho-
torefractive gain I as a function of grating spacing calcu-
lated using the values of r 4 and N in Table I. In calcu-
lating N from K, and Eq. (9) a value of =355 was used.®
Using a value® of Fung =733 =64 pm/V, estimates of Fo
can be obtained giving some idea of the relative contribu-
tions of electrons and holes.

The direction of the photorefractive coupling is deter-
mined by the sign of the dominant photocarrier and the
crystal and beam geometry. For each of the crystals
studied the polarity of the c axis was determined in a py-
roelectric cooling ‘experiment” and the sign of the photo-
carrier determined from the results is listed in Table 1.

C. Results of transient response measurements

Another important parameter of a photorefractive
crystal is the time required to build up the refractive in-
dex grating. Reduced KNbO; has heen shown to have a
microsecond response time which greatly enhances its
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FIG. 2. (a) Grating wave vector K divided by beam coupling
gain [ as a function of Kx) for the five KNb(), crystals studied,
und (b) theoretical curves of beam coupling gain " as a function
of grating period using material parameters determined trom
least-squares fits to the data.
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TABLE 1. Material parameters obtained from two-beam coupling measurements on KNbO, crys-

lals.

Sign of

dominant
photo- Ao Ng reor
Crystal carrier (pem) (10'* cm™) {(pm/V) Fo=rg/r,

KNbO, + 1.05 0.28 10.0 +0.20
tundoped)
KNbO:Ta + 0.94 0.35 16.7 +0.33
KNbQ:Rb + 1.22 0.21 27.6 +0.55
KNbQO:Fe - 2.15 0.07 —16.4 —0.33
KNbO:Na + 1.69 0.11 25.3 +0.15

potential for real time applications.’

Kukhtarev and co-workers'"!" developed a mathemati-
cal analysis of the time evolution of the grating forma-
tion. This analysis has recently been extended for the
case of dual charge carriers.'>'* For fringe spacings
large compared to both the charge diffusion length and
the Debye screening length, the dielectric relaxation time

T=€€y/tuyta) (12)

ph

is o goad approximation to the grating buildup time.' In
Eq. (12} oy 1s the dark conductivily and o, is the photo-
conductivity given by

o= eashbprl /hy) . (13

plh

e is the electronic charge, a is the absorption coefficient,
< is the quantum efliciency for exciting a charge carrier,
st is the mobility, 7 is the optical intensity, and hv is the
photon energy. Inverting Eq. (12) to give the grating
buildup rate

d=(1/ry)=(u o) /(€€ (14)

provides a linear relationship between { and 6. Using this
approximation for the grating formation rate atlows o,
to be determined from the slope of the fit of Eq. (14) to
the data.
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FIG. 3. Photorefractive grating buildup rate as a function of
input light intensity for the five KNbO, crystals studied.

The grating buildup time was measured for all five
crystals at one angle as a function of incident intensity.
The buildup rate is plotted against light intensity in Fig.
3 for each crystal and the results are observed to qualita-
tively follow the straight-line model predicted by Eq. (14),
The values of the product ®ur obtained from the slopes
are listed in Table II.

A useful figure of merit for characterizing the pho-
torefractive sensitivity of a given material is how much
optical energy is needed to produce a given refractive in-
dex change. Expressed in mathematical terms the sensi-
tivity is?

dn

S,,=mV—O), {(15)

where n is the refractive index, a the absorption
coefficient, and W, the incident optical energy. For a
phase grating the diffraction efficiency is given by'!

n=e'"s5indd 7 An /) cosh) (16)

and the induced refractive index change can be deter-
mined by measuring the absolute diffraction efficiency.
The intensity of the scattered HeNe beam was calibrated
to yield the absolute diffraction efficiency for all five crys-
tals and combined with the grating buildup times to give
the photorefractive sensitivity. The results obtained are
given in Table I1.

The resuits from the cw laser experiments show that
doping KNbO, with Na*, Rb*, or Ta** at the | mol. %
level enhances the photorefractive performances of the
crystal. The maximum beam coupling gain and pho-
torefractive sensitivity increases for these crystals over an

TABLE II. Material parameters obtained from FWM tran-
sient signal buildup rates measured on KNbO, crystals.

S, dur
Crystal (107 em'/D (107" cm¥/vV)

KNbO, 2.45 174
(undoped)
KNbO,:Ta 379 6.46
KNbO;:Rb 7.93 6.51
KNbO,:Fe 0.41 0.53
KNbO:Na 322 6.07
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undoped sample. The iron-doped crystal used in this
study was observed to have an inferior photor fractive
performance when compared to an undoped crystal.
Also the predominant charge carrier was determined to
be electrons in contrast to holes observed in the other
crystals. Medrano er al.'® found that the charge carriers
in their iron-doped samples were holes and that there was
an increase in photorefractive gain over a pure crystal
that had been reduced and contained electrons as photo-
carriers. It is expected that it is the same Fe’'.Fe'®
donor-trap system that produces the photorefractive
effect in pure and iron-doped samples. Taken together,
the results above suggest that it is the Fe?*-Fe'' ratio
rather than absolute amounts that is important in pre-
dicting the photorefractive performance of a particular
crystal.

INI. RESULTS FOR PICOSECOND
PULSE EXCITATION

The nonlinear optical response of KNbO; was investi-
gated using picosecond pulses to establish laser-induced
gratings. These gratings were probed using both pi-
cosecond and cw probe beams and the measurements ob-
tained provide information on the time evolution of the
gratings from a time scale of picoseconds out to many
minutes.

A. Experimental

Single pulses with durations of 30 psec full width at
hall maximum (FWHM) at 532 am were produced by a
frequency-doubled, mode-locked Nd:YAG laser. After
being split into two pump beams, the pulses were recom-
bined in the crystal with an external crossing angle of 26.
This angle could be varied from 16° to 44° corresponding
to grating spacings varying from 1.91 to 0.71 um. Typi-
cal incident energies of the two pump beams were 0.11
and 0.06 mJ giving an intensity modulation index of

m=2E E,)"/(E,+E;})=0.95. (an

The diameter of each of the two pump beams was mea-
sured with a traveling knife edge and found to be 0.54
mm at the 1 /e? points of the on-axis peak intensity. The
Gaussian radius of each beam is 0.27 mm and the in-
cident fluences are 39 and'21 mJ/ecm? for the two pulses.
The temporal overlap of the two pump pulses was
achieved with an optical delay line in one beam path.

A degenerate four-wave-mixing experiment was used
to investigate the fast grating formation and decay. The
experimental arrangement 1s shown in Fig. 4. A less in-
tense, third picosecond pulse that was exactly counter-
propagating to one of the pump beams acts as a probe
beam. This probe pulse was s-polarized to be orthogonal
to the pump-pulse polarization and was focused to the
same diameter in the crystal. From phase matching con-
siderations the diffracted signal is counterpropagating to
the other pump beam and was extracted with a beam
sphitter. The arrval of the probe pulse in the crystal
could be varied by an optical delay line. Delay times
ranging from several hundred picoseconds before to

L |

KNbOB/

Pump \
Beams
7 Probe
\ Beam
\
&
Oplical delay
Diffracted
Beam

FIG. 4. Crystal and beam arrangements for the picosecond
pulse-probe experiments on photorefractive gratings in KNbO,.

several nanoseconds after the arrival of the pump pulses
could be obtained. The diffracted signal was detected by
the photodiode, recorded on a signal averager, and aver-
aged over several thousand laser pulses.

In order to follow the signal to longer times, the probe
pulse was replaced by a 1-mW cw He-Ne laser beam.
The intensity of this laser was attenuated by three orders
of magnitude to keep its influence below that required for
grating erasure. The incident angle of the probe beam
was adjusted to satisfy the Bragg scattering condition,

B. Results of pulse-probe measurements

The absolute diffraction efficiency was measured for
gratings produced in KNbO, as a function of probe-pulse
delay with the crystal in a photorefractive and in a non-
photorefractive geometry. The results are shown m Fig.
5 for a grating spacing that 1s 1.9 pm. In the pho-
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FIG. 5. Time evolution of the absolute scattering ciliciency

from a laser-mduced grating written by two 30-psec pulses mea-
sured by an optically delayed weak prabe pulse.




76 REEVES, JANI, JASSEMNEJAD, POWELL, MIZELL, AND FAY 43

torefractive geometry the crystal is oriented with the
grating wave vector K, aligned parallel to the ¢ axis of
the crystal so the write beams produce an internal space-
charge field that is also parallel to the ¢ axis and the s po-
larized probe pulse senses the photorefractive effect
through the r,, clectro-optic tensor component. In the
other geometry the crystal is rotated 90° (K Le) and any
space-charge field produced will be in the direction of the
crystallographic  axis. Due to the symmetry elements of
the electro-optic tensor any index change produced will
not be detected by an s-polarized probe pulse.

Two features are apparent in the data of Fig. 5 and
they appear o be similar to results recently reported for
Ba1i0,."*"" First a sharp peak is observed centered at a
probe delay of =0 psec. The real time width of this
peak is close to the expected autocorrelation width of our
three pulses. The origin of this signal is the fast physical
processes contributing to the third-order susceptibility
v associated with the FWM of the two pump beams,
probe beam, and signal beam. Possible contributions to
the susceptibility include nonlinearities associated with
bound electrons, tree carriers, and any phonon or thermal
ellects with characteristic relaxation times comparable or
less than the optical pulse width. In BaTiO,, free carriers
generated by single-photon absorption were thought to be
the dominant contribution to the nonlinear susceptibili-

16,17
ty.'®

The sccond feature apparent in Fig. 5 is a long-lived
signal lasting  for probe-pulse delays of several

nanoseconds. It is more pronounced in the K ||c orienta-
tion than in the K, tc orientation. This suggests that it
may be photorefractive in origin. For this interpretation
to be correct, impurity donor centers would have to be
photoionized to produce free charge carriers that migrate
far enough to establish a significant space-charge field
during the time of the pump pulses. However, the small
free carrier mobilities and fast trapping times that are
typical of the ferroelectric oxides would allow the free
carriers to diffuse only a small fraction of a grating spac-
ing before being trapped. Thus there is some question
about the origin of this component of the signal.

The intensity of the conjugate peak shows little change
with grating spacing which is not the case for the signal
at long probe-pulse delays. Figure 6 shows the intensity
of the diffracted signal for four'grating spacings. As the
spacing decreases, the intensity of the nanosecond time
component decreases. Such a decrease in a photorefrac-
tive grating is expected in high-mobility, long-trapping-
time materials where the free carriers are able to destroy
the grating by diffusing over a full grating period at small
spacings before being trapped. However, in ferroelectric
oxides the low mobilities coupled with the fast trapping
times for charge carriers make this process unlikely. For
the grating periods used in Fig. 6 the charge migration is
expected to be diffusion dominated and the space-charge
fields will be limited by the diffusion field

Ep=2mk,T/leA,) . (18)

Thus the photorefractive effect will cause the intensity of
the scattered signal to increase as the grating spacing de-
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FIG. 6. Picosecond time evolution of the normalized scatter-
ing intensity for four grating spacings in KNbO,.

creases, which is exactly opposite to the results observed
in Fig. 6. This casts further doubt on attributing this sig-
nal contribution to a photorefractive effect.

In the results from the nonphotorefractive orientation
shown in Fig. 5 there is a nonzero scattering background
for long probe delays. This component may be associated
with scattering from an absorption or photochromic grat-
ing generated by the photoexcitation and subsequent
trapping of charge carriers. The diffraction efficiency for
an absorption grating is given by '

1, =(1—e " ™sinh*[ Aad /(2 cosd)] . (19)
The change in absorption coefficient Aa is just
Aa=Ns , (20)

where W is the density of displaced charges and s is the
absorption cross section of the defect centers. The cw
photorefractive beam coupling experiments showed that
the concentration of donor centers in the crystal used
here is Ny =3X 10> cm™?. Since the input photon rate is
somewhat greater than this, we can approximate N=N,..
The absorption cross section of the donor levels is not
known in KNbQ,, but some idea of its magnitude can be
obtained from results in the literature. It is known that
the most common defect center leading to photorefrac-
tive effects in as-grown ferroelectrics is the Fe'-Fe’'
system where the deep-level donor is Fe?* and the accep-
tor is Fe**. The deep-level absorption cross section has
been measured for this defect in InP:Fe and found to be'®
s=1x10"'7 cm? Using this value of s for KNbO, we
obtain Aa=0.03 cm~'. Substituting for Aa in Eq. (19)
yields a diffraction efficiency of 1, =10"* which is in
good agreement with the observed scattering efficiency of
about §=2X10"% for this signal component. The con-
sistency of this interpretation of the K, lc results suggests
that the K,|lc results might be associated with a
directional-dependent change in the absorption
coefficient.

Figure 7(a) shows the results of measuring the scatter-
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350 psec atter the writing pulses and (b) at a time of 1.0 msec
after the writing pulses as measured by a cw probe beam.

ing efficiency as a function of incident fluence. At a
probe-pulse delay of O psec, the diffraction efficiency fol-
lows a power-law dependence on the total fluence F of
F%3, slightly greater than the quadratic dependence ex-
pected. At a delay time of 350 psec, a single power-law
dependence is not observed. In the low-intensity region
with fluences below 10 mJ/cm?® a least-squares fit to the
data yields a dependenée of F'’. Above 10 mJ/cm? a
power-law dependence of F** is observed. At both of
these delays there is a saturation of the signal around an
incident Auence of 100 mJ/cm?.

A definite signature of the photorefractive effect is the
observation of two-beam coupling. An experiment was
performed to detect two-beam coupling in KNbO; using
picosecond pulses and the results are shown in Fig. 8.
The crystal was oriented in the photorefractive geometry
with a grating spacing of 1.9 um and a pump-beam-
~ 10~ probe-beam intensity ratio of 9:1. The experimental
quantity measured and plotted in Fig. 8 is the ratio T/T,,
as a function of the incident Auence, where T is the inten-
sity of the transmitted probe beam with the pump beam
on and T, is the intensity with the pump beam off. Ener-
gy transfer through photorefractive gain will increase the
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Fig. 8. Ratio of the probe-pulse intensity with the pump
beam on T and the pump beam off T, as a function of incident
fluence in a picosecond-pulse two-beam coupling experiment on
KNbO,. The closed and open squares represent the two pho-
torefractive crystal orientations that are related by a 180° rota-
tion about a line bisecting the two input beams.

intensity of the probe beam in the presence of the pump
beam. The points represented by closed and open squares
correspond to the two photorefractive crystal orienta-
tions that are related by a 180° rotation about a line
bisecting the two input beams. The photorefractive con-
tribution to the signal will reverse direction when the
crystal is rotated and be seen as a difference between the
points for the two orientations in Fig. 8. Such a
difference is not observed in these results suggesting that
the free carriers do not diffuse the required half grating
spacing on picosecond time scales. The decay in the ratio
T /T as a function of fluence is most probably associated
with two-photon absorption.

In conjunction with these two-beam coupling measure-
ments, the probe-pulse transmission was recorded as a
function of the arrival time of the pump pulse. The re-
sults obtained are shown in Fig. 9 where the ratio T /T,
is plotted against probe-pulse delay for the two crystal
orientations K,{|c and K,lc. This experiment was per-
formed at the same crossing angle as the beam coupling
results and the intensity of the pump beam was 80
mJ/cm?®. For negative probe-pulse delays, i.e., the probe
pulse arrives before the pump pulse, the ratio T/Ty is
close to unity and there is no interaction between the
beams. As the pulses start to overlap in time the probe is
attenuated through two-photon absorption which peaks
at zero delay. For both crystal orientations the probe
pulse continues to be attenuated at long delay times after
the pump pulse. The extend of the attenuation is
significantly greater in the K,|lc orientation than in the
perpendicular K, lc orientation. At these long-time
scales there is no temporal overlap of the pulses and the
effects are not grating or photorefractive in origin. A
reasonable explanation of these results 1s the anisotropy
of the absorption coeflicient relative to the crystal ¢ axis.
Thus we conclude from these results that the contribu-
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tion to the FWM signal on the time scale of several hun-
dred picoseconds to nanoseconds after picosecond pulse
excitation is due 1o a laser-induced absorption grating.

C. Results of cw probe measurements

The picosecond pulse experiments were repeated using
a ¢cw prabe beam. lo this case, the fast-time resolution of
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F1G. 10. Time evolution of the absolute scattering efficiency
of laser-induced gratings in KNbO, as a function of time after
the arrival of the two 30-psec writing pulses measured by a cw
probe beam.

the pulse-probe experiments described in the previous
section is lost, but the evolution of the signal can be foi-
lowed to very long times. The transient signals obtained
show the decay of the fast nonlinear responses and the
buildup and dark decay of the photorefractive grating.
The crystal a axis and the polarization of the probe beam
were aligned in the plane of incidence (p polarization) so
the effective electro-optic coeflicient is given in Eq. (6).
The signal was followed in time after a single 30-psec
pulse of excitation from the crossed write beams.

Figure 10 shows the time evolution of the scattering
efficiency for different excitation fluences. The intensities
of the fast- and long-time components of the signal
change differently with fluence and the buildup time of
the long-time signal decreases as fluence is increased.
Figure 7(b) shows the results of measuring the signal
strength at | msec after the write pulses as a function of
write-beam fluence. The data show a very different be-
havior than the signals measured at faster times shown in
Fig. 7(a). The observed behavior does not fit a single
power-law dependence but is close to linear below 50
mJ/cm? at which point the scattering efficiency is ob-
served to saturate.

Figure 11 shows the dark decay of photorefractive
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FIG. 1t. Dark decay of photorefractive gratings in doped
K NbO, crystals induced by two single 30-psec writing pulses.
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gratings written by single laser pulses in the doped and
undoped KNbO; crystals. The signal for the undoped
crystal has at least two decay components with very
different relaxation times. Nonexponential erasure de-
cays have been observed in Bi);Si0; (Ref. 19) and
LiNbO; (Ref. 20} and were explained by the participation
of several trapping centers in the photorefractive charge
migration. Steady-state beam coupling results presented
earlier show that both electrons and holes are involved in
the photorefractive processes in the crystals used here.
The decay results observed demonstrate that the trapping
mechanism involves two types of acceptors that have two
distinct relaxation times. One trap may be associated
with the creation of holes in the valence band by pho-
toexcitation of electrons to midgap impurity levels, while
the other may be associated with photoexcitation of elec-
trons to the conduction band. It is well known that
mobilities of electrons and holes are different in these
types of materials and multiple components to the decay
of a grating involving both electrons and holes should be
expected.

The doped KNbO; crystals show more complicated
dark decays. In some cases the intensity of the scattered
beam is observed to undergo several dips where one com-
ponent of the grating decays while another component
with a longer relaxation time still contributes to the in-
tensity. Theoretical modeling of these features will re-
quire incorporation of multiple trapping levels in describ-
ing the dynamics of charge relocation.

Figure 12 shows the dark decay of the photorefractive
grating in undoped KNbO, for five different grating spac-
ings. The decay time decreases with grating spacing
reflecting the shorter time charge carries require to
diffuse a half grating period. The nonexponential nature
of the decay is more pronounced for the smaller grating
spacings. For the larger spacings the decay is expected to
be dominated by the carrier with the highest mobility and
a single exponential decay would result. As the spacing
decreases both carriers and their respective trapping
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FI1G. 12. Dark decay of photorefractive gratings in KNbO,
for five different grating periods.

centers are able to contribute to the decay and nonex-
ponential transients appear.

1V. DISCUSSION AND CONCLUSIONS

Characterization of the photorefractive effect using cw
excitation has been reported previously ior KNbO; crys-
tals where the response time for reduced KNbO; was
measured to be 100 usec.’ Also, doping with iron has
been shown'’ to result in a substantial increase in the
photorefractive efficiency over that of undoped samples.
The results described here using cw excitation give a fur-
ther understanding of the photorefractive effect in doped
and undoped KNbQ, by determining various material pa-
rameters associated with laser-induced charge relocation.
The mobility-lifetime products given in Table Il show
that doping KNbO, with either Ta, Rb, or Na decreases
the time required to form a photorefractive grating by a
factor of 2 over an undoped crystal. This increase in the
buildup rates carries over to an enhancement in the pho-
torefractive sensitivity for these crystals with the Rb
dopant producing the highest. In the Fe-doped sample
electrons were found to be the dominant charge carrier
while holes were the dominant carriers in all other sam-
ples.

It is only recently that picosecond pulses have been
used tu study nonlinear responses of materials such as
Bi|;SiO,y,*' BaTiO;,'"!"" GaAs,? and CdTe.?’ In the pi-
cosecond work reported here on KNbO,, three different
types of nonlinear effects were identified due to their
different time responses. Utilizing both pulsed and cw
probe beams, picosecond laser-induced grating tech-
niques were used to follow the evolution of the nonlinear
response from the picosecond time scale out to times of
many minutes. On the time scale of milliseconds and
longer, the photorefractive response which was observed
with cw excitation is seen. This 1s associated with the
space-charge field built up by photoinduced charge relo-
cation and the interaction of this field with the clectro-
optic tensor components of the material. The dark decay
of the signal is highly nonuniform indicating that
different types of traps are taking part in the charge re-
laxation back to an equilibrium configuration.

On the time scale of 100 psec out to nanoseconds, the
nonlinear response has properties that are better de-
scribed by a laser-induced change in the absorption
coefficient associated with two-photon absorption. The
time scale and magnitude of this signal are consistent
with a relocation of charge carriers. For example, since
the dominant photoinduced charge carriers are holes, the
first photon might create a hole by promoting an electron
in the valence band into a midgap acceptor. The second
photon might promote this electron into the conduction
band. The electrons and holes created in this way will
migrate to different types of traps before finaily recom-
bining.

The variation of the signal in this time regime for
different crystal orientations is assoctated with the anisot-
ropy of the absorption coetlicient. The absorption
coefficient for KNbO, is a tensor quantity with difterent
values for different propagation and polarization dirce-
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tions. Il a, b, and ¢ are the crystallographic axes, then
the absorption coeflicient can be represented by the ten-
sor

0 @, @,
a=lw,, O a1, (21)
(t « 0

where a,, is the absorption coeflicient for a beam propa-
gating in the ith direction with polarization along the j
axis. If the crystal is oriented with K |lc, the probe-pulse
polarization is always perpendicular to the ¢ axis and the
apparent absorption coeflicient is given by the linear
combination

a=a,cost +a sind , (22)

where 8 is the half-angle between the intersecting pump
and probe beams. In the orthogonal orientation Kglc,

the appropriate  combination for the absorption
coefficient is
a=qa,.cos ta, sinl) . (23)

For the data in Fig. 9, =8 and the attenuation of the
probe in the K, Lc orientation is due mainly to the first
term in Eq. (23). The first term in Eq. (22) is expected to
be of this same magnitude and the extra attenuation of
the probe in the K, [ic orientation is due to the com-
ponent «,sinf. As the angle 6 increases the probe beam
in both the two-beam coupling experiment and in the
FWM experiment will undergo an increasing absorption
as it propagates more along the ¢ axis. This is consistent
with the results shown in Fig. 5. Based on this analysis,
the longer-lived signal in the picosecond pulse-probe
FWNM experiments is the scattered beam from an absorp-
tion grating. The photoexcited charge carriers are
trapped on a tine scale comparable with the optical pulse
width but their redistribution among different trapping
levels sets up an absorption grating that js anisotropic
with crystallographic directions.

The physical origin of the fast conjugate peak observed
in the picosecond FWM experiments is difficult to deter-
mine unambiguously because its time response cannot be
resolved with 30-psec pulses used here. This signal is as-
sociated with the third-ordertsusceptibility of the materi-
al and can have contributions from electronic and vibra-
tional mechanisms that respond on a picosecond time
scale. The extend of each contribution can be estimated
from the nonlinear refractive index for the effect. If the
induced change in the refractive index is An, the non-
linear refractive index 1, 1s defined as®

an=n,(E"), (24)

where E is the electric field of the optical wave. n, is re-
lated to the third-order susceptibility by?*

n,=012m/ng iy, (25)

where n, is the background refractive index which equals
2.35 for KNbQO,. For a refractive index grating, the
theory of Kogelntk™ can be used to obtain the refractive

index change induced from the absolute scattering inten-
sity by

An=(Acos@/md V7 . (26)

The maximum diffraction efficiency recorded in these ex-
periments at At =0 was 7=5.5X 1077 obtained at an in-
tensity of 100 mJ/cm?. The electric-field intensity of the
incident wave is rclated to the fluence F by?

(EVY=(8r/cny)F=1.19%X10’ Qn

(3 mea-

for the above fluence, in cgs units. The value of
sured in this case is calculated to be 2.3X 107" esu.

Two of the electronic contributions to the conjugate
peak will be scattering from a free-carrier index grating
that is generated by single-photon absorption and scatter-
ing from the induced polarization of bound charges in the
material. The change in the refractive index associated
with scattering from a free-carrier grating is given in the
Drude model by?®

An =21rNce2/(n(,v2m‘.) , (28)

where N, is the density of free carriers of effective mass
m,. N, (in cm™"') can be approximated by the absorbed
photon flux

N.=(Aa/hc)[=5.4X10" . (29)

Using this value in Eq. (28) predicts the free-carrier grat-
ing index change and third-order susceptibility contribu-
tion to be An=3.0X107° and y'=1.5X10"" esu.
These are an order of magnitude smaller than the mea-
sured values.

The value of 1, =29X 107" esu measured?’ for KTaO,
can be used as an approximation for the bound-charge
contribution to y"' for KNbO;. Using Eq. (25) the
third-order nonlinear susceptibility from this effect is cal-
culated to be 1.8 X 107" esu, which is the same order of
magnitude as the measured value.

Recent Raman-scattering experiments on KNbO, have
shown central peaks in the scattering spectrum that are
associated with relaxation modes involved in the succes-
sive cubic-tetragonal-orthorhombic-rhombohedral phase
transitions.?*?” While there is some question about an
additional contribution to the signal from a soft phonon
mode, this is not relevant to the results described
here.'%*" It is beyond the scope of our experiments to
resolve the specific contributions due to the relaxation
modes and soft modes. However, it is clear that the
Nb** relaxation modes are responsible for a contribution
to the dielectric constant of the material and thus will
coutribute to the nonlinear refractive index measured as a
conjugate signal peak in our FWM experiments.

The multiwell potential surface involved with the hop-
ping modes is the eight-site order-disorder model used to
describe the successive phase transitions in displacive fer-
roelectric crystals.”® This model has the Nb** ions locat-
ed in one of eight potential wells which have potential
minima displaced from the cubic unit cell center along
the {(111) directions. The different structural phases of
the crystal are a consequence of the preferential occupa-
tion by the Nb'' ion of a certain set of potential wells.
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FIG. 13. Absolute scattering cfficiency of a laser-induced
grating in KNbO; as a function of temperature for probe-pulse
delays of 0 and 150 psec atter the 33-psec writing pulses.

For example, in the cubic phase cach of the eight sites is
equally occupied, while tetragonal ordering arises below
the first phase transition temperature due to a set of four
wells perpendicular to a particular axis becoming prefer-
entially occupied.

The influence of this polar hopping mode on the laser-
induced gratings is very similar to the unalysis of stimu-
lated Raman scattering. However in this case the low
frequency of the mode means the cifect is seen in a degen-
ervate mixing configuration. The contribution to y**' can
be calculated using uctuation-dissipation theory arriving
at the result**

v = =N /8 a0 )] (30}

The polarizability change for this mode can be calculated
from the Clausius-Mossotti relation

a=1(3e,/N)[(n*=1/n’+2)]. (31

The refractive index change arising from a Nb** ion hop-
ping between the two noneguivalent potential wells is in-

ferred from the hinear birefringence for KNbO, crystals.*?
I

At 300 K An is approximately 0.18 and it decreases to
about 0.15 at 500 K. Substituting for the measured Ra-
man peak linewidth and the calculated value of Aa the
contribution to ¥'¥ is 9X 107! esu. Stimulated hopping
between two of the equivalent potential wells will make a
similar contribution to y**'.

The intensity of the diffracted signal was measured as a
function of temperature for undoped KNbO; and the re-
sults are shown in Fig. 13. The signal was measured at
two delay times of the probe pulse, O and 150 psec. The
results at zero delay show the signal strength to decrease
as temperature is increased while the signal at 150 psec
increases very slightly. A larger temperature range could
not be studied because of the phase transitions of the
crystal at 250 K. The intensity of the Raman-scattering
peak was observed to increase with temperature.?® This
peak is associated with relaxations from the higher-
energy potential well to the lower well which will become
more probable as the upper well is thermally activated.
In terms of the zero-delay signal observed n our laser-
induced grating experiment where the light pattern is
driving the modes in the bright regions, the detected sig-
nal intensity depends on the contrast in the refractive in-
dex between the bright and dark regions of the sumple.
As the temperature is increased this contrast decreases as
the Nb**-phonon modes become more occupied in the
dark regions. Also the linear birefringence between the
two phases decreases as the temperature increases.”® The
decrease in An is about 17% over the temperature range
between 300 and 500 K while the signal decrease in the
same range is close to 28%.

Thus from the above discussion it appears that the
bound electron and Nb-hopping mode both contribute to
the observed FWM signals at zero time delay in KNbO,.
Further experiments using different samples and faster
excitation pulses will be done to separate these contribu-
tions.
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